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BBEJIEHUE

SIBneHusa paccesHUS W TMOTJOUIEHUS AJEKTPOMArHUTHOW SHEPTHM YacCTHULIAMU
BCTPEUAIOTCSI IOBCEMECTHO U MO3TOMY HaxoAATCs B (JOKYyCe MHOTHX HMCCIIEIOBATEIIb-
ckux nporpamm. ColHEUHBIM CBET, MaAarolMidi Ha 3eMHYIO0 aTMOc(epy, pacceuBaeTcs
Kak (DIyKTyarusiMy IIIOTHOCTH Ta3a, TaK U pa3HOOOPAa3HBIMH a’PO30JbHBIMH U 00J1a4-
HBIMH YaCTHUI[AMH, YTO MPUBOJIUT K TAKUM ONTHYECKUM d(PexTam, Kak Toay0oi mBeT
Heba, mokpacHenue 3axozsmero ConHua, pagyra, KopoHa, riaopusi u rano. [locpen-
CTBOM pAaCCEsHUS U TOTJIONICHHS MaJIaloIIero COJHEUHOTO U3JIyYeHUs U UH(paKpac-
HOTO M3JIy4YCHUS, WCIYIICHHOTO 3€MHOW MOBEPXHOCTHIO, adPO30JbHBIE U OOJIAYHBIC
YACTHIIbl OKAa3bIBAIOT CHJIBHOE BIIMSIHUE HA IOroAy W kimmar. PaccesHue cBeta u
PAIMOBOIH PETOJUTHBIMU TOBEPXHOCTSIMU Ted COJHEYHOW CHUCTEMBI MPUBOJIUT K
BO3HUKHOBEHUIO YHUKAJIBHBIX OMIO3UIIMOHHBIX siBJIeHUU. 30upaTenbHOe ocliabaeHue
MPOXOJSIIEr0 CBETAa 3BE3Jl OPUEHTHPOBAHHBIMM YAaCTHULIAMH KOCMHYECKOW ITBUIU
BBI3BIBACT MEK3BE3MIHYIO Mosspu3aiuio. [lepeuncienne pasHOOOpa3HBIX MPOSIBICHUI
AIIEKTPOMArHUTHOTO PACCESTHHS MOKHO TIPOJI0JIKATh 0€3 KOHIIA.

brnaronmapst CUIbHONM 3aBUCHUMOCTH CBETOPACCEUMBAIOIINX CBOMCTB YACTHI[ OT UX
pazmepa, GOpMBbI U MTOKA3aTENs TPEIOMIICHHUS, U3MEPEHUS SJIEKTPOMArHUTHOTO pacce-
STHUSI OKa3bIBAIOTCS TIOJIE3HBIM (M 9acTO HE3aMEHUMBIM) CPEACTBOM OmpeaeneHus (hu-
3MYECKUX XapaKTEPUCTUK W XUMHUYECKOTO COCTaBa YACTHUI[ B aCTPOPU3UKE, TUCTAHITU-
OHHOM 30HIMPOBAHWU 3eMJIM W IUTAHET, OWOJIOTHH W TexHojoruu. HeoOXoammocTh
OCMBICJIEHHOW MHTEPIIPETALMN TaKUX U3MEPEHUU U 3HAHUS ONTUYECKHUX CBOMCTB pas-
JUYHBIX JUCTIEPCHBIX cpejl 00yCIIaBIMBAeT BAXKHOCTh MOHUMAaHUA (PyHIaMEHTaTbHBIX
(U3UYECKUX OCHOB 3JIEKTPOMArHUTHOTO PACCESHHS] M TOYHOW KOJWYCCTBEHHOW WH-

dbopmanuu 0 ero XapakTepuCcTUKax Kak QyHKIHIX (PU3NIECKUX TapaMeTPOB YACTHII.

AKTyaJIbHOCTL TEMbI

Pa3znooOpasue pasmepoB, HopM U MokazaTeael MpeoMIICHUS YacTHuIl, BCTpeJa-



IOIIUXCS B €CTECTBEHHBIX U UCKYCCTBEHHBIX CPE/IaX, CYIIECTBEHHO YCIOXKHSET 3a7auy
TOYHOTO TEOPETUUECKOTO MPEACKa3aHusl CBETOPACCEUBAIOIIUX CBOMCTB MHIUBUIYAJIb-
HBIX YacTuil. Eme 00ibIme TpyJHOCTH BBI3BIBACT MPOOIeMa MOICTUPOBAHUS PACCEH-
BAIOIIUX CBOMCTB OOJBIIUX CIIy4alHBIX TPYII YACTHIl, TaKUX Kak oOiaka. OCOOEHHO
CJIIOKHBIMU OOBEKTAMHU HUCCIEAOBAHUS SIBJISIOTCS IJIOTHOYIIAKOBAHHBIE JUCIIEPCHBIE
cpenbl [S], Takhe Kak MecuYaHble U CHEXKHbIE TOBEPXHOCTH, PETOJIUTHBIE TOBEPXHOCTHU
Ten COTHEUHOM CHCTEMBI U PA3IMYHbIE TEXHUYECKHE U OMOJIOTHYECKUE B3BECH.

CoKHOCTh MEPEUYUCICHHBIX 3a/lad BbI3BAJIAa K KW3HU MHOTOYHCIICHHBIE MPH-
OJIM>KEHUS! U TIOBCEMECTHOE UX UCIob3oBaHue. K coxxaieHnto, MHOTHE TPUOJIMKEHUS
HMMEIOT BEChMa HESICHOE MPOUCXOXKJICHHUE U IUIOXO ONpPEETICHHYIO (I BOBCE HEOMpe-
JICIICHHY10) 00J1acTh TPUMEHUMOCTH. boJiee Toro, CyIecTBYOT NPUOIMKEHUS, TPOUC-
XOXKJEHUE KOTOPHIX BOOOIIE He ToaaaeTcs kiaccudukanuu. Hanpumep, ctporuii pac-
geT nudPy3HOr0 OTpakeHHsI CBETa IJIOTHOYMAKOBAHHBIMU YaCTHUIIAMH TLJIAHETHOTO
pPEroJiuTa 4acTo MOJAMEHSETCS BBIYUCICHUSMH IIPU MOMOIIM TaK HAa3bIBa€MOW TEOpUU
Xanke [81]. [To-BunuMomy, 3TO AejlaeTcsi IOTOMY, YTO B TEOPUU XaMKe UCTIOIb3YIOTCS
T€ K€ HA36aHUs MOJICIIbHBIX BEJIUYHMH, YTO U B CTPOTOM TEOPUH PACCESHUS, XOTS CaMU
MOJICJIbHBIE BETMYUHBI BPS I UMEIOT pusndeckuii cMbic [ 147, 178].

3a4acTyr0 €JMHCTBEHHBIM (M, KaK MPaBUIO, 0OMaHYUBBIM) JOCTOMHCTBOM IpU-
OJMMKEHHOTO TOAXO0/a SIBISETCS ero (hopManbHas MPOCTOTA, MO3BOJIAIONIAS U30EXKATh
TPYyAOEMKUX pacueToB Ha DBM. OqHako OCHOBHBIM HEJOCTATKOM SIBJISIETCSI TO, YTO
MOYTH HHUKOTJAa HE W3BECTHO, HACKOJIBKO TOYHBIM OKA3bIBACTCS MPHUOIMKEHHOE
BEIUrciieHne. KpoMe Toro, BO MHOTHX MPUOIKEHUSIX peaibHble PU3NUECKUE BEITHUIH-
HbI TOJIMEHSIIOTCSI UCKYCCTBEHHBIMU MOJIEIBHBIMU NapaMeTpaMu, B PE3yJbTaTe YEro
CTAHOBUTCSI HEBO3MOKHBIM aHAJIM3UPOBATh JAHHBIE KOHTPOJIUPYEMBIX JTaOOPATOPHBIX
W3MEPCHUN W U3BJICKATh MPSAMYI0 (PU3NYECKYyI0 WHGOPMAIHMIO W3 JAUCTAHITMOHHBIX
HaOII0/ICHUN.

B cuiy Bbllle CKa3aHHOTO, CTAHOBUTCSI MOHSATHOW aKTYaJIbHOCTh CJIEYIOIINUX

Tpex 3aaad:



® pa3paboTka 3((HEKTUBHOTO CTPOTOTO MOAX0/a K PEHICHUIO 3a/1a4 CBETOpacces-
HUS OTACJIbHBIMU YaCTUIIAMHU U OOJIBIIMMU TpyNIaMy YacTHUI[ HA OCHOBE Mpsi-
MBIX YUCJICHHO-TOYHBIX PEIICHUN MaKPOCKOIIMYECKUX YpaBHEHUN MakcBea;

e paspaboTka 3(pPeKTUBHBIX MPHUOIMKEHHBIX pEHICHUH ypaBHeHH MakcBena,
KOTOpBIE SIBIIAKOTCS ACUMIITOTUYECKA TOYHBIMU U UMEIOT YETKO YCTAHOBJIEHHYIO
00JaCTh TPUMEHUMOCTH;

® [PUMEHEHHME KaK CTPOTMX, TaK M HAJEKHO OOOCHOBAHHBIX MPUOTUKEHHBIX
METOJUK pacyeTa 3JIEKTPOMAarHUTHOTO paccesHus sl pa3pabOTKU TOYHBIX M
WH()OPMATUBHBIX METOJOB JWCTAHIIMOHHOTO 30HIUPOBAHUS U JaOOpPaTOPHOM
JTMATHOCTUKH YaCTHII, TIO3BOJISIONINX BOCCTAHABINBATH (PM3MUECKHE TTapaAMETPhI

CJIOXKHBIX U MAKCHUMAJIbHO PCAJITUMCTUYIHBIX MOHeHeﬁ pacCceuBarOmnx Cpca.

CBs3b paﬁoTbI C HAYYHBIMM NIpOorpaMmmamMu, IjiaHaMmu, TceMaMiu

PaGoTta BrITIONHSIIaCh B paMKax mporpamMM (yHAAMEHTAIBHBIX W TPUKIATHBIX
uccnenoBanuii, npoojauBiuxcs B 'AO HAH Vkpaunsr (1987-1992 rr.) u B l'ox-
IapaOBCKOM MHCTHTYTE KOCMHMYECKMX HCClenoBaHni HannoHanbHOro ymnpaBiieHUS
a’POHABTUKHU M HCCIIEIOBaHUS KocMuueckoro mpoctpanctBa (NASA), CIIA (1992
2007 rr.). BombmmHCTBO pe3yabTaTOB OBUIO MOMYyYEHO B paMkax mporpamm Radiation
Sciences Program (NASA), Global Aerosol Climatology Project (GACP; NASA/
World Climate Research Program), Earth Observing System (NASA) u Glory Mission
Project (NASA). Jlucceprant O0b11 pykoBogutenem npoekra GACP u sBnsercs rias-
HBIM Hay4HBIM pyKoBoauTenem kocmuueckoit muccun Glory. Kpome Toro, o ObUT 1

ABJACTCA I'JIaBHBIM HCIIOJITHHUTCIEM MHOI'MX HCCICIOBATCIBCKHUX IIPOCKTOB, (1)I/IHaHCI/I-

pyembix NASA.

]_[e.]'ll/l, 3aJavuu 1 METOoAbI ncc.ﬂenosannﬁ

[{enpto pabOTHI SBISETCS pa3BUTHE U IPUMEHEHNE YHU(PDUITUPOBAHHOTO MUKPO-

(bHBI/I‘—IeCKOFO Ioaxoaa K 3aaadc¢ OJHOKPATHOI'O 1 MHOI'OKPATHOI'O paCCCAHUA DJICKTPO-
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MarHUTHBIX BOJH YacTULIAMH, HEMOCPEACTBEHHO BBHITEKAIONIETO U3 YpaBHEHHA
MakcBemia. Ota o0mias 3a1a4a BKIIOYAeT B ce0sl pa3pabOTKy M MPAKTUYECKOE MprUMe-
HEHHE KaK CTPOTUX, TaK M (pu3M4eckn OOOCHOBAHHBIX ACUMOTOTHYECKHX METOJOB
pacuera CBETOPACCEHBAIOIINX CBOWCTB MHAMBHUIYAIbHBIX YaCTUIl U OONBIIUX TPy
YacTHll.

B pamkax HacTosiei padoThl pellaiicCh CIEIYIOININE KOHKPETHBIE 3a/1a4u:

e crporas (u3MYEcKas TOCTAHOBKA W MAaKCHUMaJIbHO OOIWK aHajdu3 3a/Jadu
AIIEKTPOMArHUTHOTO PACCESHUS TPOU3BOJIBHBIM PACCEUBAIOIIUM OOBEKTOM, KaK B
BHJIE OTAEIBHOW YAaCTHUIIBI, TaK U B BUJAE Ipynnbl yactul. @opmMyIHpoOBKa MOHS-
THS HEMOCPEJCTBEHHO HAOJI0/IaeéMO ONTHYECKON BEJIWYMHBI U €ro KOHKpe-
TH3aIUs VISl CIIy4aeB paccesiHUs B NalibHEW U ONMKHEW 30HaX 00BbEKTa;

®  JeTaJbHBIM AHAINW3 KOHIENIIMM MHOTOKPATHOTO PACCESIHUS SJICKTPOMArHUTHBIX
BOJIH YaCTULIAMU, BXOJISIIMMHA B TPYIIILY, U €r0 KOHKPETU3ALMS IS CIy4dasl O4EHb
cmaboi yIakoBKM YacTWIl. AHAIW3 KOHIETIUU 3PTOJUYHOCTH B MPUMEHEHUU K
CIIy4alHbIM IPYyNIIaM YacTHLI,

e pa3pabotka A(PEKTHBHBIX CTPOTMX METOJOB pacyeTa CBETOPACCEHBAOIINX
CBOMCTB KaK IPOCTBIX, TaK M MOP(OIOTHYCCKH CIIOKHBIX OOBEKTOB Ha OCHOBE
MPSIMOTO YMCIIEHHO-TOYHOI'0 PENICHUS ypaBHEHUN MakcBesa;

®  CTPOrWi KOJMYECTBCHHBIA aHAIN3 XAPAKTEPUCTUK OJHOKPATHOTO PACCESTHUS IS
MOHOJMCIIEPCHBIX H IMOJUIUCIICPCHBIX HEC(HEepUUSCKUX YaCTHII,

® KAYCCTBCHHBIM W KOJIMYCCTBCHHBINM aHAN3 pa3IWdHBIX 3()(PEKTOB MHOI'OKpaT-
HOT'O PacCEsTHUS 3JICKTPOMArHUTHBIX BOJH HA OCHOBE MPSMBIX YACJIECHHO-TOYHBIX
peleHni ypaBHeHu MakcBesa;

®  TpSAMOU BBIBOJ ypaBHEHUS MEPEHOCA M3IYUYCHUS U TEOPUHU CIa00W JOKaIH3AIUU
AJEKTPOMArHUTHBIX BOJH W3 ypaBHEHUMW MakcBeiuia M JE€TalbHbIA AHAINA3 €T0
CIICJICTBHH;

e pa3paboTka 0OIlIel TeopUH NMEpPEeHOCA W3IYYEHHUS B IUIOCKOIMAPAUIEIbHBIX aHU-

SOTPOIIHBIX PA3PCIKCHHBIX JUCIICPCHBIX CPCaaX,
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®  JICTAJIbHBIA KOJIMYECTBEHHBIM M KAa4e€CTBEHHBI aHAIM3 TOYHOCTH CKAJIAPHOTO
npUOIIKEHUsT YPaBHEHUS TIEpEeHOoca IS IIMPOKOTO AHAra3oHa pa3MepoB U GopM
paccerBaroLIMX YaCTHULL;

e paspaboTka TeopuH caaboi JIOKaIH3aIMH B IJIOCKOMAPAJUICTBHBIX Pa3peKeHHbBIX
JMCTIEPCHBIX CpelaxX U aHallu3 €€ acTPOPU3UIECKHUX CIEICTBUM;

®  JIeTAJbHBIN aHATU3 MUKPOPHU3UYECKOTO MOAX0Aa K MpolieMe TUCTAHIIMOHHOTO
30HAMPOBAHUS ad3PO30Jiel U 00JaKOB B 3eMHOM aTMOc(epe U ero KOHKpeTU3alus
JUISL CITyTHUKOBBIX MHCTPYMEHTOB, MPU3BAaHHBIX OTCIIEKHBATH BIIUSHHE TPOMOC-

(dbepHBIX a3p030Jei Ha KJINMaT.

Obdvekm uccnedoeanus — pPa3peKCHHbIE W IUIOTHOYNAKOBAaHHBIE CiydailHbIE
JUCHEPCHBIE Cpebl: 00JIaka M a’pO30JH B IUIAHETHBIX aTMOC(Epax, PEroauTHBIE I0-
BepXHOCTH Oe3aTMoc(epHbIXx Tes CONMHEYHOW CHUCTEMBI, pa3ndHbIe MOPOIIKOOOpa3-
HbI€ MTOBEPXHOCTH €CTECTBEHHOI'O M MCKYCCTBEHHOI'O MPOMCXOXIECHHS, B3BECH Yac-

THL.

Ilpeomem uccneooséanus — 0oCOOCHHOCTH SIBJICHHM PACCESHUS CBETA WH]IUBH-
OyaJIbHBIMU YacCTUIAMHU M CIyYalHBIMM aHCAaMOJSIMU YacTHI]; ONTHYECKasl AUArHOC-

THUKaA 9aCTHUI[ B HCCIICAYCMBIX 00BEKTax.

Memoowt uccnedooeanusa — yau(pUIMpOBaHHBIA TEOPETHUECKUN aHATU3 SIBJIC-
HUSL JIEKTPOMArHUTHOI'O PACCESHUS B paMKaX MaKpOCKOIMUYECKOUN 3JEKTPOJUHAMHUKY;
pacyeT CBETOPACCEUBAIONIUX CBOMCTB WMHIMBUAYAJIBHBIX YACTHUI[ U OOJIBIIMX TPYIII
YacTHUIl HA OCHOBE KaK MPSIMBbIX YHMCIEHHO-TOYHBIX PEIICHUM ypaBHeHUU MakcBena,
Tak ¥ (U3AYECKH OOOCHOBAHHBIX ACHMIITOTHYECKUX PEIICHUN, HEMOCPEICTBEHHO
BBITEKAIOIINX W3 dTUX ypaBHEHUI; CPAaBHCHHE PE3yJIbTaTOB HAOIIOEHUH C CYIIECTBY-

IOIMUMHA MOACTIAMH U TCOPECTHUIYCCKUMUA UCCIICAOBAHUSAMMU.

Haquaﬂ HOBM3HA MOJYYCHHBIX PE3YyJAbTAaTOB

B X0A€ BBIIIOJTHCHUA pa6OTBI IMOJIYHYCHBI CJICAYIOIINC HOBBIC PC3YyJIbTATDI:
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1. BnepBble nosydeHsl cienyromue GyHIaMeHTaIbHbIE PE3YJIbTATHI, PA3BUBAIOIINE

OOIIIyI0 TEOPUIO AJIEKTPOMArHUTHOI'O PACCESIHUA:

® crporuii BBIBOA (OPMYJNBI JJI CHJIBI PAJAMANMOHHOTO JaBJICHUS Ha MPOU3-
BOJIbHOE HEC(HEPUIECKOE TEJ0, HAXOISIIEeCs B IPOU3BOJILHON OPUEHTAINH, U
TEOPETUYECKOE IPEICKa3aHUE PANAUALMOHHOTO JABJICHHS 33 CUET TEIJIOBOTO
U3ITYYCHHS DJIEKTPOMArHUTHOW SHEPTHH OPUEHTHUPOBAHHBIM HeCc(hHEepUIeCKUM
TEJIOM;

e 00mwmii BRIBOJ] MpaBUia MACcIITAOHON WHBAPUAHTHOCTH B TEOPHUH DJIEKTPOMAr-
HUTHOTO PAaCCEsTHUS MPOU3BOJILHBIM MAaKPOCKOIIMUYECKUM O0BEKTOM;

e o0mas Teopusi ANEKTPOMATHUTHOIO PacCesHUsi OOBEKTOM, MOTPYKECHHBIM B
ITOTJIOUIAIOIIYIO CPENY;

e 0oOmuil aHamM3 KOHIIEMIIMA MHOTOKPATHOTO pAacCesHUs B paMKax MOHOXPO-
MAaTHUYECKOTO MPEACTABICHUS MAKPOCKOMUYECKOU SJIEKTPOAUHAMUKU U yPaB-
HeHul @onau—Jlakca m neMOHCTpanus €€ YMCTO MATEMaTHYEeCKOro Xapak-

Tepa.

2. BmnepBble nony4eH CTpOruil W MOCIEAOBATEIbHBINA BBIBOJ HEPAPXUU MPUOIIMKE-
HUW OJTHOKPATHOT'O PAacCesHUs I MAJIbIX TPYHI 4acTull u3 ypaBHeHU Dosan—
Jlakca u IpoBeIEH KAYECTBEHHBIN U KOJWYECTBCHHBIN aHaIW3 YCIOBUW U Juara-

30Ha UX IPUMCHUMOCTH.

3. BrepBeie nonydeHBl CIEAYIOLMIHAE PE3yIbTaThl, CYIIECTBEHHO pa3BHBaromue 7-

MAaTPUYHBIN METOJ:

® pa3paboTaHbl UCKIIOYUTENHHO 3(PPeKTUBHBIC (KBA3H)aHATUTUICCKHUE METOIbI
pacueTa CBETOPACCEHBAIOIIMX CBOMCTB aHCAMOJIEH XaOTUYECKU WU aKCHAIb-
HO OPUEHTUPOBAHHBIX HECHEPUIESCKIX YACTHII;

e paspabotaHa o0mas 7-mMaTpuyHasl Ipoleaypa pacyeTa CBETOPACCEUBAIOIINUX
CBOMCTB Hec(epruecKoi YacTHIIBI, HAXOASIICHCS B MPOU3BOJIBHOM (DHUKCHUPO-
BaHHOW OPHEHTAIMHM IO OTHOIIECHUIO K JTAOOPATOPHON CHUCTEME KOOpAMHAT,

IIPpH IIPOU3BOJBbHBIX HAIIPABJICHUAX ITAACHUA U PACCCAHUA CBCTA,
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e pazpabotanbl 3G(HEKTUBHBIC CPEACTBA YIYUIICHUS CXOAUMOCTH PACUETOB IO
METOJIy PACIIUPEHHOTO TPAHUYIHOTO YCIIOBHS, KOTOPBIE CIIOCOOCTBOBAIIU PaIH-
KaJIbHOMY PacCHIMPEHHUIO 00JIaCTH MPUMEHUMOCTH T-MaTPUYIHOTO METO/Ia;

e pazpabotaH makeT YPPEKTUBHBIX U yAOOHBIX ISl UCTIOIB30BAHUS T-MaTpHU-
HBIX MPOTPaMM, MPUMEHUMBIX JIS PEUICHUS IMUPOKOTO KPyTa MPaKTHIECKUX

3aJgay.

BriepBbie BBINOJIHEH CHUCTEMATHYECKUM W JIETAIBHBIA KOJWYECTBCHHBIN AaHAIU3
CBOMCTB OJTHOKPATHOTO pPacCesHUSI MOHOAMCIIEPCHBIX U MOJUANCIICPCHBIX Heche-
PUYECKHX YaCTHI], KOTOpPhIE JTUOO XAOTHUYECKH OPUEHTHUPOBAHBI, JIUOO HMEIOT
(UKCHUPOBAHHYIO OPUEHTAIMIO. YHHKAIbHBIC 1O 00BEMY pe3ybTaThl PacyeTOB
1151 c(hepouI0B, KPYTOBBIX LUJIUHJIPOB, YEOBIIIEBCKUX YACTHUI[ U KJIACTEPOB IM03-
BOJIWJIA BBISIBUTh M KOJIMYECTBEHHO OXAPAKTEPHU30BATh CHIIBHYIO 3aBHCHMOCTH
MHOTHX CBETOPACCEUBAIOIIUX CBOMCTB OT (POPMBI U MOP(HOIOTHH YACTHII, a TAKKE
UX IBOJIIOIHIO C YBETMYCHUEM CTENeHU HechepuaHocTu. BriepBrie moka3aHo, 4To
nedopmarys TOBEPXHOCTH CHEPHUUECKON YACTHUIBI BCETO HA OJHY COTYIO JUTHHBI
BOJIHBl CBETa CIIOCOOHA TIPUBECTH K TOJHOMY HCYE3HOBEHHUIO CBEPXY3KUX
PE30HAHCHBIX 00pa30BaHMIl B Pa3IMUYHBIX XapaKTEPUCTHUKAX CBETOPACCESHHS KakK

(1)YHKI_[I/I$IX paanyca v moKasaTesl IMPCJIOMIICHUS YaCTHUIIbI.

Co3man HOBBIM pa3fiesl CTaTUCTUYECKOM ONTUKH, B paMKax KOTOPOIO MHOTO-
KPAaTHOE PACCEIHUE CBETA B MAKPOCKOMMYECKUX CIIyYaWHBIX JUCIEPCHBIX Cpeaax
M3Yy4aeTCs Ha OCHOBE MPSIMBIX YHCIIEHHO-TOYHBIX PEIIEHUN ypaBHEHU MakcBei-
na. IlpencraBneH NOETANIbHBIA aHAIW3 MPOUCXOXKICHUS CIEKI-CTPYKTYpPBI IpH
paccessHUU cBeTa (PUKCUPOBAHHBIMU KOH(MUTYpAIIUSIMH YACTHI] U €€ 3aMbIBaHUS B
pesynbTare ycpenHeHus mo ancamo6mio. [loapobHO m3ydeHbl 3(h(PEeKTI MHOTO-
KPAaTHOTO pPacCesHUs IPU CTATUYECKOM PACCEIHUU SIIEKTPOMATHUTHBIX BOJIH
CIIy4allHBIMHA JIHCIEPCHBIMU CpedaMH. BriepBble Ha OCHOBE MPSAMBIX PEIICHUH
ypaBHEeHHII MakcBejia OJHO3HAYHO IPOJIEMOHCTPUPOBAHA COBOKYMHOCTH 3(-

(l)eKTOB cirabou JIOKaJIN3allyuH JICKTPOMAIrHUTHBIX BOJIH.
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Pa3paboran yHHPHUIIPOBAHHBIA MUKPODU3UYECKUN MOAXOM K TEOPHSIM IEPEHO-
ca U3Jy4YeHHUs U cIadoW JOKaIU3alUU 3JEKTPOMATHUTHBIX BOJH B Pa3peKEHHBIX

CIIy4alHBIX JUCIEPCHBIX CPeax, KOTOPBIA BKIIOYAECT:

IpsIMOM BBIBOJ| OOIIEr0 BEKTOPHOI'O YpaBHEHUS MEPEHOCA M3IYUYEHUS U3 MOHO-
XPOMATUYECKUX MAaKpPOCKOIIMYECKUX YypaBHEHMM MakcBeia, NMPUMEHUMBIA K
YacTHIIAM C IPOU3BOJIBHBIMU pa3MepaMH, (hopMamMu U OPUEHTALUSAMU;
pa3paboTKy oOmeld MUKpopu3nueckoil Teopuu cinaboW JOKaIU3aluH, MpUMe-
HUMOM K IPOU3BOJIBHBIM YacCTULAM M TOJHOCTBHIO YUYUTHIBAIOLIEH 3JIEKTpoMar-
HUTHYIO IPUPOJY CBETA;

NEPBBIM JETAIbHBIA aHAJIW3 KOHKPETHBIX MPUONMKEHH, HEOOXOIUMBIX IS
BBIBOJIA YPaBHEHHUs II€PEHOCA; YCIOBUM NPUMEHUMOCTH YPaBHEHHUs IEPEHOCA;
MPAKTUYECKOTO CMbICHA YCIOBUW 3ProJWYHOCTH M CTATUCTUYECKOW OJHOPOJ-
HOCTH PaCCEHMBAIONIEH CpEeIbl, MECTa TEOpHW MEPEeHOCa H3IY4YeHUs W Ciadoit
JIOKAJIM3aluy B HE€pApXuu MPoOJIeEM 3JIEKTPOMAarHUTHOTO PAaCCEsHHUS;

NEPBYI0 MUKPO(DU3MUECKYI0 TEOPHIO MEPEHOCA U3IIyUYEHHUs B Pa3pesKeHHOU auc-

HepCHOI;'I cpeac ¢ MajlbIMH CTATUCTHUYICCKHMH HCOAHOPOAHOCTAMMU.

Pa3paborana o0Immias BEKTOpHas TeOpus MEPEeHOca M3JIYYEHHs B IUIOCKOMapa-
JIEBHBIX PA3pPEKEHHBIX AUCIEPCHBIX CPEaax, COCTOSAIIUX U3 YACTHUIl JTIOOBIX pa3-

MepoB, (hOpPM, OpUCHTAITUH U TTOKa3aTeIeH PEIOMIICHHS.

BnepBble BBINOIHEH ACTalbHBIN KOJIUYECTBEHHBIM aHAIN3 TOYHOCTH W TPaHUIL
MPUMEHUMOCTH CKAJSIPHOTO MPUOIUKEHUS YPABHEHHUS MEPEHOCA U MPEAJIOKEHO
npoctoe Gu3nIecKoe 0ObSICHEHNE OONBIINX OMUOOK CKAJIIPHOTO MPUOTIMHKCHUS B

CJIy4dac paJICCBCKOIo paCCCsHUs.

BnepBHe JaH BbIBOA CTPOIOro BCKTOPHOI'O COOTHOLICHHUSA, ITO3BOJIAIOMICTO pac-
CUHUTBIBATh BCC XAPAKTCPUCTHKH ciaboi JOKaJIn3alliK B HAIIPABJICHHUHU TOYHO
Ha3aJl Ha OCHOBC YMCJIICHHOT'O PCIICHUA YPAaBHCHUA IICPCHOCA. DTO COOTHOIICHHE
OBLJI0 HCIIOJIL30BAHO A ACTAJIBHOI'O KOJIMYCCTBCHHOI'O aHAIMW3a 3aBHCHMOCTH

MHOI'MX XapPaKTCPHUCTHUK ciaaboi JJOKaJIu3anun OT OINTHUYECKOM TOJIIHWHBI TUCIICPC-
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HOTO CIIOSI M pa3Mmepa, (HOpMBI U TOKAa3aTeNs MPEIOMIICHHS PACCEHBAIOIINX
yacTull. BriepBeie TEOpETHUECKH MpPEICKa3aH MOJSPU3ALUOHHBIA OIMIMO3ULIMOH-
HbIH 9 (PEKT B BUIE y3KOTO, aCHMMETPUYHOTO MUHUMYMa MOJISIpU3auy Ha (az3o-
BOM YTJIe, CPABHIMOM C YTJIOBOM MOJYIIMPHHON KOT€PEHTHOIO MHKAa B HHTEHCUB-
HOCTU. BriepBbie cienaH BBIBOJ, YTO COBOKYMHOCTh YHUKAJIbHBIX OMIMO3UIIMOH-
HBIX 9Q(PEKTOB B IPKOCTU U MOJSPU3ALHNH, TUTUYHYIO IJIs OMPEACeIEHHOTO Kilacca
BBICOKOANBbOEAHBIX Oe3aTMochepHbIx Ten COJTHEUHOM CHCTEMbI, MOXHO OOBsC-
HUTH c1a00#l JoKamu3anuel 3JeKTPOMArHUTHBIX BOJIH MPHU PacCesiHUM CBETa Ha

HOPOIIKOOOPa3HBIX (PErOJUTHBIX) MOBEPXHOCTAX 3TUX OOBEKTOB.

BrepBbie BBINIONHEH JA€TajdbHBIA KOJMMYECTBEHHBIA aHANIW3 TpeOOBaHUU K
KJIMMaTUYECKON MpOrpaMMe MacCUBHOIO TUCTAHLUMOHHOTO 30HAMPOBAHUSA a3PO-
30JIbHBIX W OOJIAYHBIX YACTHI] B 3€MHOH atMocepe ¢ OpOWTATBHBIX CITyTHHUKOB
3emun. B pamkax mporpammbel NASA mox nasBanumem Global Aerosol Clima-
tology Project (GACP) monydeH yHUKaJIBHBIN 1O MPOJOKUTEILHOCTH BPEMEH-
HOW pAJ TI00ATBHOTO pacmpeieseHusi TPornochepHbIX a3po3oieil. OTKPHITO Cy-
IIECTBEHHOE YMEHBIIICHHE CpPeAHEN TI00aIbHOM ONTUYECKOW TOJNIIHUHBI TPOIOC-
¢depHbIX a’po3zoineit 3a nociennue 20 neT u 0OHapYKEHBI COMYyTCTBYIOIINE CHITh-

HBIC PCTUOHAJIbHBIC U3MCHCHUS.

IIpakTHYecKkoe 3HAYEHHUE MOJIYYCHHBIX Pe3yJIbTATOB
[IpakTrueckas IEHHOCTh PabOTHI OMIPEAEIIACTCS CASAYIOMUMH (DaKTOpaMu:

Pa3zpaborkoii koMminiekca 3(()EKTHBHBIX YHCICHHBIX METOJIOB U COOTBETCTBY-
IONTUX KOMIIBIOTEPHBIX MPOrpaMM JIJIsi CTPOTOr0 MM aCHMITOTHYCCKH TOYHOTO
pacueTa XapaKTEPUCTUK OJHOKPATHOI'O W MHOTOKPATHOTO 3JIEKTPOMArHUTHOTO
paccessHAsS YacTUIlAaMH W pa3MEIICHHEM €ro Ha OOIIEIOCTYITHOM 3JICKTPOHHOM
cepBepe http://www.giss.nasa.gov/~crmim. K HacTosimmeMy BpeMEeHH 3TH MPO-

rpaMMbl OBUTH WCTIONB30BaHBl Oosiee ueM B 480 pereH3MpOBaHHBIX HAYYHBIX
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nyOnukauusax (He BKIIOYas TpyAbl KOH(EpPEHUMH, TE3UChl NOKIAJOB M JIHC-
cepTaluu).

TeopeTnyeckuM M YHMCIIEHHBIM aHaJU30M YCJIOBHM M Juana3oHa MPUMEHUMOCTH
IpUOIIKEHHUST OTHOKPATHOTO PACCESHUS I MAJBIX TPYI YaCTHII.

JleTaJIbHBIM KOJIMYECTBEHHBIM aHAJU30M CBETOPACCEMBAIOIIMX CBOWCTB MOHO-
JUCTIEPCHBIX U TMOJUIUCICPCHBIX Hec(hepHuecKUX YacTHUIl ¢ Pa3HOOOpa3HBIMU
dopmamu, pasmMepaMu U MOKa3aTeNsIMU IperomiieHus. JleMoHcTpanueid U Koiu-
YECTBEHHBIM aHAJIN30M BIIMSHUS HEC(PEPUUHOCTH YACTHI] HA PE3YJIbTAaThl IUCTaH-
LUOHHOT'O 30HJAMPOBAHUA a3p030Jei U 00JIaKOB.

BriBoioM ypaBHEHHsI TMepeHOca M TEOpUHU CIabOW JIOKaIM3allMi HEmocpea-
CTBEHHO U3 ypaBHeHHU MakcBesuia. JleTanbHbIM TEOPETUYECKUM aHAJINU30M yCIIO-
BUW M JUana3oHa MPUMEHUMOCTHU 3TUX TEOPHUH U (PU3NUYECKOIO CMBICIA BEJIUYUH,
BXOJAILIMX B YPAaBHEHHE [IEPEHOCA.

JleTaJIbHBIM KOJIMYECTBEHHBIM aHAJIM30M TOYHOCTH M TpaHUL] NPUMEHUMOCTH
CKaJISIPHOTO MPUOIKEHUST YpaBHEHUS TIepeHoca.

BbIBOOM XapakTepUCTHK CIa00H JIOKaJu3alllH, COOTBETCTBYIOIIMX HAampaBlie-
HUIO TOYHO Ha3aJl, U3 YHMCIECHHOI'O PEIICHUsS ypaBHEHUs NepeHoca. JleTanbHbIM
KOJIMYECTBEHHBIM aHAJIM30M 3aBUCUMOCTH ATHX XapaKTEPUCTUK OT (PU3UUECKHUX
[IapaMeTPOB PACCEUBAIOLIEN CPEBI.

TeopetnueckuM mpeacKa3aHueM MOJISPHU3ANUOHHOTO OIIMO3UIIMOHHOTO 3(deKTa
U aHaJIM30M YCJIOBHH €ro MpOsIBICHUSA, YTO CTHUMYJIHPOBAIO HAOIIOAATEIbHBIC
IpPOrpaMMbl IO LEJIEHANPABIEHHOMY MOHUCKY 3TOTO SIBJIEHHS W IOCIEAYIOLIEee
oOHapyXeHHE €ro y psaa BHICOKOATBLOEIHBIX aCTPOHOMUYECKUX OOBEKTOB.
®opMyJIUPOBKON M KOJUYECTBEHHBIM aHAJIU30M 33Ja4d JUCTAHIIMOHHOI'O 30H/U-
poBaHMsI TPOTOC(HEPHBIX a3pP030Jeil U 00JAKOB ¢ OPOUTAIBHBIX CIYTHUKOB 3€M-
JH.

JleMoHCTpanuel pemaruero NpeuMyIecTBa NOJIPUMETPUH KaK CPEJICTBA JIAC-
TaHIIMOHHOTO 30HIUPOBAHUS TPOMOCPEPHBIX aIPO30JICH.

DopMyITHPOBKON HAYYHBIX 3a7a4 NIl OpOUTaIbHOTO (oTonomsipumerpa Aerosol
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Polarimetry Sensor (APS) B pamkax kocmudeckoit muccuu Glory (NASA).

e [losydyeHreM YHHMKAJIbHOIO IO MPOJOJIKUTEILHOCTH BPEMEHHOIO psifa Ii100alb-
HOTO pacmpeneneHus: TpormochepHbIXx a’po3oyield B pamkax mnpoekta GACP u
OTKPBITUEM CYLIECTBEHHOI'O YMEHBILIEHUS CPEAHEN ITI00aIbHON ONTUYECKOM TOJI-
IIMHBI TPOMIOC(EPHBIX a’po30iieit 3a nocneauue 20 JIeT U COMyTCTBYIOIIUX CHITb-

HBIX PCTUOHAJIBbHBIX U3MCHCHHUI.

Hacrosimas pabota HaXOIUTCS HA CTHIKE HECKOJIBKUX HAYyYHBIX JUCHUIUIAH —
ANEKTPOMArHeTu3Ma, ONTUKH, AUCTAHIMOHHOTO 30HJMPOBAaHMS U acTpO(U3UKH, YTO
MPEICTABIIACT 3HAYUTENBHYIO IIEHHOCTh. [lomyueHHbIe B HEMl pe3ynbTaThl POPMUPYIOT
OOIUPHYIO TEOPETHUECKYI0 0a3y Il MOJSIHPOBAHUS W MHTEPIIPETAIIUU MPOIIECCOB
paccesHusi. Pa3paboTaHHbIE YHCIIEHHBIE METOJIbI U KOMIIBIOTEPHBIE TPOTPaMMBbl HEOI-
HOKPATHO MCIOJIb30BAIUCh U OyyT MPUMEHSTHCS B JIaJIbHEUIIIEM ISl pACYETOB OITH-
YECKUX XapaKTEPUCTUK YACTUIl U PA3HOOOPA3HBIX JTUCIEPCHBIX CPEl, a TaKXKe s
YTOUYHEHUSI CTApPBhIX U pa3pa0OTKHM HOBBIX MEXAHU3MOB U MOJENEH paccesiHus CBETA.
PesynbTaTel quccepTaniioHHON pabOThl MOTYT OBITh MCIOJIB30BAHBI B TAKUX HAYYHBIX
yupexaennsx kak ['’AO HAH Ykpaunsl, UHcTUTYT KOcMudeckux uccienoannii HAH
VYkpaunsl, HUN actponomuu XHY, AO KHY, KpAO, UHCTUTYT MOTYyIPOBOIHUKOB
HAH VYxpaunsi, UactutyTt dhusuku HAH Ykpannbl, ACTpOHOMUYECKUN HHCTUTYT UM.
B.B. Cob6onesa Cn6l'Y, UKW PAH, TAUII MI'Y, TAO PAH, Unacturyt Qusuku
umenn b.U. CrenanoBa HAH benapycu, uccinenosarensckue neHTpsl NASA, NOAA
u DOE u np.

JIMYHbBIN BKJIAJ aBTOpaA

Bce pe3ynbrarhl, BRBIHOCUMBIE Ha 3alIUTY, TIOJYyYEHBI JTUOO JUYHO IHUCCEpPTaH-
TOM, JUOO TpU €ro JUYHOM M ONPEACNSIIONEM Y4YacTUM B IOCTAHOBKE 3ajayd,
pa3pabOTKe TEOPUU U KOMIBIOTEPHBIX MPOTPaMM, MOATOTOBKE M BBHIMIOJHEHUHU pacue-
TOB, aHAJM3€ U UHTEPIPETALNN PE3yJIbTaTOB, (OPMYIUPOBKE BHIBOJOB U MOJTOTOBKE

nyonukanuii. TexcTel MOHOTpaduil U Bcex craTell HamucaHbl guccepTanToM. CTaThu
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[10, 11, 131-155, 157, 159, 160, 162] nanucansl 6e3 coaBTOpoB. B MoHOrpadmsax
[194, 202] nuccepTaHTy MpUHAJJIEKAT MOJyYECHUE BCEX TEOPETUUECKUX U YUCIEHHBIX
pe3ynbraToB. B paborax [163-166, 178, 187, 189, 190, 196, 197, 203, 204, 207, 209,
211] nuccepTaHTy NpUHAJIEKAT IOCTAHOBKA 33/1a4H, IJIaH UCCIIEJOBAHUS U YUACTHE B
IIPOBEICHUM PAacUYeTOB M aHailu3e JaHHbIX. B paborax [167-173, 175-177, 179, 181—
186, 192, 193, 195, 199] nuccepranTy npuHaUIeKaT MOCTAaHOBKA 3a/1a4l, IPOBEACHUE
pacueToB W aHanu3 JaHHbIX. B pabote [201] muccepranTy mpuHamie)KaT aHAIU3 pe-

3YyJIbTAaTOB Ha6JIIOI[eHPII>'I H IIO0ATrO0TOBKA CTAaTbhH.

AnpobGanus pe3yJbTaTOB AUCCEPTALUA
Martepuaiibl 1uccepTaluOHHON padOThI JOKJIAbIBAIINCH U NMPEACTABISUINCH:

— HA NPUIJIALIEHHBIX JeKuusax U cemuHapax B University of Arizona (Tycon, CILIA,
1993), State University of New York/Stony Brook (Cronu bpyk, CIHIA, 1996),
National Oceanic and Atmospheric Administration (CunsBep Crnpunr, mrt. Mapunenn,
CIIIA, 2000), University of Maryland/College Park (Konemx ITapk, CIIIA, 2001), Met
Office (bpakuen, BemukobOputanus, 2001), University of Amsterdam (Amcrepaam,
lommannus, 2001), Jet Propulsion Laboratory (ITacagena, CIIIA, 2002), University of
California/Los Angeles (Jloc-Anmxenec, CILIA, 2002), Naval Research Laboratory
(Bammarron, CIIA, 2004);

— Ha 0oJiee yeM NATUACCATH HAYYHBIX KOHq)epeHHHﬂX, N3 KOTOPBIX HHUIKC IICPCUHC-
JICHBI TOJIBKO KOH(I)epeHHI/II/I " JICTHUC IMKOJIbI, HA KOTOPbLIX AUCCCPTAHT OBLI npuria-

mcH CACIaTh HHeHapHBIﬁ JOKJaJd UM ITPOYHUTATD HCKHHOHHBII;'I Kypc:

e “Light Scattering by Non-Spherical Particles” (Amcrepnam, ['omnanaus, 1995)

e “International Radiation Symposium IRS’96” (®3p6enkc, CIIIA, 1996)

e “Light Scattering by Non-Spherical Particles” (Xenbcunku, @unnsauaus, 1997)

e “Gordon Conference on Solar Radiation and Climate” (Ilmumyt, mt. Hpio-I'smn-

mmp, CIIIA, 1998)
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“Summer School on Light Scattering from Microstructures” (Jlapemo, Ncnanus,
1998)

“Light Scattering by Nonspherical Particles: Theory, Measurements, and Appli-
cations” (Hero-Hopk, CIITA, 1998)

“School on Exploring the Atmosphere by Remote Sensing Techniques” (Tpuecr,
Uranus, 1999)

“99 Kyoto Aerosol-Cloud Workshop” (Kuoto, SInonus, 1999)

“AGU 1999 Fall Meeting” (Can-®panrucko, CIIA, 1999)

“International Radiation Symposium IRS’2000” (C.-ITerepOypr, Poccus, 2000)
“Sth International Conference on Light Scattering by Nonspherical Particles” (I'a-
mudakc, Kanama, 2000)

“6th International Congress on Optical Particle Characterization” (bpaiiton, Benu-
koOputanusi, 2001)

“NATO Advanced Research Workshop on Optics of Cosmic Dust” (bpatuciasa,
CnoBakus, 2001)

“6th International Conference on Electromagnetic and Light Scattering by Non-
Spherical Particles” (I'eitnceun, CILA, 2002)

“NATO Advanced Study Institute on Wave Scattering in Random Media: From
Theory to Applications” (Kopcuka, @panrus, 2002)

“OSA Annual Meeting/LS-XVIII” (Opmanno, CIIA, 2002)

“NATO Advanced Study Institute on Photopolarimetry in Remote Sensing” (fnra,
VYkpauna, 2003)

“Light on Planetary Atmospheres, from the Solar System to Exoplanets” (Amctep-
nam, [N'ommanaus, 2003)

“Astronomy in Ukraine — Past, Present and Future” (Kues, Ykpauna, 2004)

“Light, Dust, and Chemical Evolution” (I'epaue, Utanus, 2004)

“8th Conference on Electromagnetic and Light Scattering by Nonspherical Parti-
cles” (I'penana, Mcmanms, 2005)

“Gordon Conference on Radiation & Climate” (Yorepsun, mt. Masu, CIIIA, 2005)
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e “Summer School on Remote Sensing of the Earth and Other Solar System Bodies”
(Kues, Ykpaunna, 2006)

e “Visibility, Aerosols, and Atmospheric Optics” (Bena, ABctpust, 2006)

e “l4th International Young Scientists’ Conference on Astronomy and Space
Physics” (Kues, Ykpauna, 2007)

e “Fifth International Symposium on Radiative Transfer” and “Tenth Conference on

Electromagnetic & Light Scattering” (boapym, Typius, 2007)

Pe3ynbTarhl MpeCTaBIICHHBIX HUCCIICOBAaHHI MHOTOKPATHO JIOKJIAJIbIBAJINCH HA
cemuHapax 'AO HAH Vxkpaunsr (Kues), Goddard Institute for Space Studies (Hpro-
Hopk, CIIIA), Goddard Space Flight Center (I'pun6ent, mt. Mapurenn, CIIA) u
NASA Headquarters (Bamunrron, CIIA).

Hyoaukauuu

Pe3ynbTaThl guccepTalluOHHONW pPabOThl W3NMOXKEHB B 70 myOnuKanusx, u3
KOTOpPBIX 2 — MOHOrpaduu, omyonukoBaHHbIe u3nareabcTBoM Cambridge University
Press [194, 202], 2 — perneH3upoBaHHBIC TJIaBbl W3 MoHOrpadwmii [153, 162], 66 —
CTaThW B CIICIIMATU3UPOBAHHBIX pedepupyembix xypHamax “Kunematnka m Qusuka
HeOecHpix T, “The Astrophysical Journal”, “Astrophysics and Space Science”,
“Earth, Moon, and Planets”, “Journal of Quantitative Spectroscopy and Radiative
Transfer”, “Monthly Notices of the Royal Astronomical Society”, “Planetary and Space
Science”, “Applied Optics”, “Bulletin of the American Meteorological Society”,
“Geophysical Research Letters”, “Journal of Geophysical Research”, “Journal of the
Optical Society of America”, “Optics Express”, “Optics Letters”, “Physical Review”,
“Science” u nmp. [10, 11, 131-152, 154, 155, 157, 159, 160, 163173, 175-179, 181—
187, 189, 190, 192, 193, 195-197, 199, 201, 203, 204, 207, 209, 211]. Bo Bcex
MyOJUKAIUSAX TUCCEPTAHT SBIISICTCS €IUHCTBEHHBIM WM TEPBHIM (OCHOBHBIM) aBTO-
pPOM.

Hay‘-IHI)IC HYGJ'II/IKaI_II/II/I AUCCCPTAaHTA, B KOTOPBLIX OH ABJIACTCA CAMHCTBCHHBIM
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WM TIEPBBIM aBTOPOM, ObLTH MPOLUTHUPOBaHbI Oosiee yem 3350 pas B KypHanax, BKIIO-

4eHHBIX B 0a3y manHbIx Science Citation Index™ (uckitouasi CaMOCCBUTIKH).
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I'/TABA 1

QJIEKTPOMAI'HUTHOE PACCESIHUE

Kak yxe yka3plBaJlocb BO BBEJIECHUHM, OCHOBHAs LIE€Jb JUCCEPTALIMA COCTOUT B
Pa3BUTUN YHU(PUIIMPOBAHHOTO MHUKPO(PH3MUECKOTO MOAXOAA K 3aJaue AJIEeKTPOMarHHT-
HOT'0 PAaCCEesTHUs YacTULAMH, OCHOBAHHOI'O Ha MPSIMOM pELICHUH ypaBHEHU MakcBena
AHATUTUYECKUMH M YMCIIEHHO-TOYHBIMU KOMIIBIOTEPHBIMA METOJAaMH, U JEMOHCTPALUH
€ro 3BPUCTHUYECKOTr0 NOTEHIMAJa W HUCKIIOYUTEIBHOM NPAKTUYECKOM MOJE3HOCTH.
OTIMYUTENbHON OCOOEHHOCTBIO JIUCCEPTAlUM  SBJISIETCS TO, YTO OHA, IO CYTH,
0azupyeTcs TONBKO Ha TpexX (yHIAMEHTATbHBIX MPUHIHUIAX: MaKPOCKOMUYECKUX
ypaBHeHUsIX MakcBemna [94], ux uHTErpanbHOM (opme (CTpOroil BEKTOPHOH BepcHU
ypaBHeHuil ®ongu—Jlakca [30, 202]), u crporoMm 7-MaTpU4YHOM MOAXOAE K pacyery
paccesHHoro nonst [280]. Mcmome3yss 3TH HaA€KHO YCTAHOBJIEHHBIE NMPUHLMUIIBI Kak
OTIIPABHYIO TOYKY, AMCCEPTALMs CYIIECTBEHHO PA3BUBAET IIMPOKHUNA Kpyr (PyHAaMeH-
TaJbHBIX AaCHEKTOB TEOPUM PACCESHUS DJIEKTPOMArHUTHBIX BOJH YacTUIAMHU U
IUCTIEPCHBIMU CpellaMH U JOBOJIUT TEOPHIO JI0 BHUIA, B KOTOPOM OHAa MOXET OBIThH
HEMOCPEICTBEHHO HCIOJIb30BaHA ISl PELICHHsS] KOHKPETHBIX 3a7ad JUCTaHLIMOHHOI'O
30HIUpOBaHusA. Takas OCOOEHHOCTh JUCCEPTALMH TPEOyeT JIOTMYECKU I10CIIEN0BATEINb-
HOTO U B 3HAYUTEIBHOM CTENEHH MOHOTPapUUIECKOro M3JI0KEHUSI MaTepHaia, HaunHas C
dbyHIaMeHTa TeOPHH U KOHYAs! KOHKPETHBIMU MTPAKTUYECKUMH NpuiiokeHusMu. Ompenie-
JISFOIIMNA JIMYHBIN BKJIAJ JUCCEPTAHTA M HOBH3HA MOJYUYEHHBIX PE3yJIbTaTOB OyAyT SICHBI
13 KOHTEKCTA U JICTATBHBIX JTUTEPATYPHBIX CCHUIOK. '

OcHOBHasi 1Lielb NEPBOM TIJIaBbl COCTOUT B TOM, 4YTOOBI NPEAEIIBHO YETKO
copmynupoBath (GyHAAMEHTAIbHYIO 3a7ady 3JEKTPOMArHUTHOTO PACCESHUS MPOU3-
BOJIbHBIM MaKpPOCKOIMYECKUM OOBEKTOM, KPaTKO OOCYANUTh TPATUIIMOHHBIE TIOAXOBI (B

TOM 4nciae W (EHOMEHOJOTHYECKH) K €€ PEIICHUI0, a TaKke HaMETUTh Crocod

'Bce OCHOBHEIE ITyONUMKAIMM JUCCEPTaHTA, B TOM umcie MoHorpagus [194], mocrymebl B
¢opmare PDF Ha snekrpoHHoM cepsepe http://www.giss.nasa.gov/~crmim/publications. Exun-
CTBEHHBIM HCKITFOUCHHEM sIBJsieTcss MoHOTpadus [202].
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YHU(PHUIIMPOBAHHOTO PEIICHUS dTOW 3a/Iaud, Pa3BUBACMBIN B AWCCEpTAIlMU. TeM cambIM
OyzeT 3aJ10’%KeH HeOOXO MBI TEOPETUIECKUI (PyHTaMEHT MOCIEAYIOIINX TTIaB.

Mpl crnenualbHO PacCMOTPUM  (PU3UYECKYIO CYIIHOCTH SIBJICHHS 3JIEKTpoMar-
HUTHOI'O PacCesiHUs B paMKaX MOHOXPOMAaTHYECKOTO MPEJCTABIICHUS JIEKTPOIMHAMUKI
(frequency-domain electromagnetics) u 00CyauM, B KaKOW CTEHEHH PACCESTHUE MOMKET
CUMTATbCA PEATBbHBIM (PU3NYECKUM IporeccoM. OTaAenbHO OyIyT pacCMOTPEHBI Cly4yau
paccestHUA B OMIDKHEH U 1aibHel 30HaX U OyAeT AeTallbHO 0OOCHOBaHAa HEOOXOAUMOCTh
aJIeKBaTHOTO OIpENeNeHUs] KOHKPETHBIX HaOMI0aeMbIX BETHMYMH. MBI Takke BBEIEM
OCHOBHBIE TEOPETUYECKUE XAPAKTEPUCTUKHU JICKTPOMArHUTHOTO PACCEesIHUSA U 00Cy UM

UXx HanOoJiee OOIIIe CBOUCTBRA.

1.1. OcHoBHBIE NPEINOJI0KEHUS

3eMHble 00JaKa, COCTOSIIME U3 CIIy4allHO PAacIOJIOKEHHBIX M CIy4ailHO
MIEPEMEIAOIINXCS KalelIeK BOJbI WM KPUCTAJUIMKOB JIbJIA, SIBISIOTCS THITMYHBIMU
MpUMEpaMH TaK HAa3bIBAEMBIX IUCKPETHBIX (WM IUCIEPCHBIX) CIIyYalHBIX paccerBa-
fonmx cpea. B pamkax (peHOMEeHOMOTHnYecKor Teopuu TMepeHoca 00JIako paccMaTprBa-
eTcsl Kak BooOpaxkaemasi HENpEphIBHAsI Cpella, B KOTOPOM OCHOBHBIM PAaCCEUBAIOLIUM
AJICMEHTOM CUHTAeTCS HEKWUH THIoTeTHdeckmi muddepennmanpapeiii 00beM [45]. B
oTnure OT (PEHOMEHOJOTHYECKON TEOpUH, MUKPO(PH3MUECKHE TEOpUr TepeHoca |
c1a00i1 JTOKaJIM3alMK SIBHO YUUTHIBAIOT HATMYME YACTHUI] KaK IUCKPETHBIX BKIIOUEHUH C
MOKa3aTejaeM MPEJOMIICHUS, OTJIMYHBIM OT TOKa3aTelsl MPeJIOMJICHUS OKpY’Karolen
cpenpl. JlpyriM KOPEHHBIM OTJMYMEM SIBIISICTCS TO, YTO MHUKPO(DH3MUECKUE TEOPHUH
BBIBOJISITCSI HEMOCPEICTBEHHO W3 YpaBHEHHMH MakcBeiia Kak HCXOMHBIX (HU3MIECKHUX
3aKOHOB, YIPaBJISIFONIMX MTPOLIECCOM B3aUMOJICUCTBHUS AJIEKTPOMArHUTHOTO M3JITYUYECHHUS C
BEIIECTBOM. TeM caMbIM HMCKIIOYAeTCs HEOOXOIMMOCTh MPOU3BOJIBHOTO TPUBJICUYCHUS
(EeHOMEHOJIOTHYECKUX KOHIICTINKA MW 3aKOHOB, HE COJEPKAIMXCS B KJIACCHYECKOM
anekTpoauHamuke. CaMo Ha3BaHUE «MUKpodm3mueckass Teopus» (WM «MHUKPODU3HU-

YeCKHUI HOI[XOI[))) IMPU3BAHO MOAYCPKHYTH HCIIOCPCACTBCHHYIO BbIBOAMMOCTDH Teopnﬁ



23

nepeHoca M Cinadoy JOoKanu3auuu U3 QyHIaMEHTAIbHBIX (DU3NYECKUX 3aKOHOB, HEBO3-
MOYKHYIO B paMKaX ()eHOMEHOJIOTHUECKOTO TOAX0/1a.

Mukpodusnueckie TeOpHH MEePEHOca U CIadoi JTOKAIN3aIUH 3JEKTPOMArHUTHBIX
BOJIH B JJMCKPETHBIX CIyYalHBIX cpeaax 0a3upyroTcs Ha CIEAYIOUIMX SBHBIX MPEAIoo-
KEHUSX, UMEIOIIMX ILEIbI0 YeTKO c(opMyIHpoBaTh OOIIyI0 MpoOjIeMy B TEpPMHUHAX

CTpOruX (PU3MYECKUX NOHATUH:

1. B mo0oii MOMEHT BpeMEHHM BECh pacCeMBAIOIIUN OOBEKT (Hampumep, OO0IaKo
BOJHBIX Kaleidb WM MOPOIIKOOOpa3Hasi MOBEPXHOCTh) MOXKET OBITH ONUCAH Kak
onpejencHHass KOHPUTYypalus HEKOTOPOro yucia N JUCKPETHBIX KOHEUHBIX
gactull (cMm. puc. 1.1). beckoneunas okpy»xatroiasi cpeja sIBIsSEeTCS OJHOPOIHOM,

JUHEWHOU, U30TPOMHON U Hemnoromaromei. O0beM KakI0M YaCTUIIbl CUUTACTCS

) 3 » Touka HaOMIOIEHUS

Puc. 1.1. PacceuBaromuii oObeKT B BHJi€ Tpynibl u3 N
JUCKPETHBIX YaCTHII.

JOCTaTOYHO OOJBUINM, YTOOBI MOKHO OBLIO UTHOPUPOBATH ATOMHYIO CTPYKTYPY
YacTUIbl U XapaKTepU30BATh MAaTE€pUal YACTUIBl MAaKpPOCKOIMUYECKUMH ONTHYEC-
KHMH MTOCTOSHHBIMU. B TepMUHAX MaKpOCKOMUYECKOHN 3JIEKTPOIMHAMUKH MPUCYT-
CTBME YaCTHULIBl O3HAYAET, YTO IMOKA3aTeNb MPEIOMJIEHUSI BHYTPU COOTBETCTBYIO-
IIET0 KOHEYHOI'0 M 3aMKHYTOr0 00beMa OTJIMYAETCS OT MOKA3aTessl MPEIOMICHHUS

OECKOHEUHOUN OKpY>Karolen Cpeibl.

2. PacceuBarommii 00bEKT OCBEMIACTCH:
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(1) Tr00 MIOCKOW SIEKTPOMATHUTHON BOJTHOMU, 3aJJaHHOM (hOpMyIIon

E"™(r,t) = EJ exp(ik™ - r — iot),

4 . . _ reR’ (1.1)
H™(r,t) = H;  exp(ik™ - r — iw?),

c nocrostHHbiME amiuutygamu EJ° u H{, roe E — snextpuueckoe mnone, H —
MarHuTHOE MOJie, ¢ — BpeMsl, I — paJlyC-BeKTOp TOUKU HAOIIO/IEHUS, @ — YIJIOBas
gactora, K™ — BeIIECTBEHHBI BOJHOBOW BEKTOpP B OKpY)KaroOIICH cpeje,

: 1/2
i = (=1)"* — munmas equanna, R° 0603HAYACT BCe TPEXMEPHOE POCTPAHCTBO

(i1) MO0 KBa3WMMOHOXPOMATHYECKUM IMapalyIeIbHBIM ITYYKOM CBETa, OIHCHIBaE-

MBIM (hOpMYIIOH

E™(r, ) = E;“C(t) exp(ikmc-r —iwt),

. . o . re R, (1.2)
H"™(r,t) = H;"(t)exp(ik™ - r — iwt),

B KOTOPOW BpeMEHHBbIC (IYKTyaIlil KOMIUICKCHBIX aMIUTHTYI 3JIEKTPUYIECCKOTO W
maruutHoro noneil EJ(¢) u H}*(f) 0koJI0 COOTBETCTBYIONIMX CPEIHUX 3HAYCHHUI
MIPOUCXOAT 3HAYUTEIHPHO MEJJICHHEE, YeM TapMOHHUYCSCKUE OCIUJUIAIINNA BPEMCH-

HOTO MHOXKHUTENA exp(—iwt).

OT0 orpaHMyYeHHE SBHBIM 00pa3oM HUCKIIOYAET U3 PACCMOTPEHUS IPYyrHe BUIBI
OCBEILEHUS, TAKHE KaK CPOKYCHPOBAHHBIH JIa3epHBIN JTyd KOHEYHOTO MOTEPEYHOTrO

CEUYECHUS UV UMITYJIbCHBIN JIA3€PHBIN JTyY.

Onrtuueckue MOCTOSHHBIE KaK paccerBarollero OO0BbEKTa, TaK W OKpYKaroleu
Cpelbl HE 3aBUCIT OT BJIEKTPUUECKOTO0 M MArHUTHOIO TOJIEM, YTO MCKIIOYAET

HEJTMHEHHBIC ONTHYECKUE YD (HEKTHI.

DNEeKTPOMarHUTHOE pacCesHHE SBIACTCA yNpyruMm. [[pyrumu ciioBaMu, paccesHue
IIPOUCXOJUT 0€3 M3MEHEHHUs 4YaCTOThl, TAK YTO PACCESIHHBIA CBET MMEET Ty K€
4acTOTY, YTO U MAJAIOIIEE U3JIyYEeHUE. JTO OIPAaHUYECHHE HCKIIIOYAEeT U3 PacCMO-

TPEHUS SIBJICHUS HEYNPYTOro PACCESIHUS, TAKME KaK PAMAHOBCKOE U OPUILITFOIHOB-
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CKO€ paccesHUe WM JOMIJICPOBCKUN YaCTOTHBIA CIBUT, OOYCIOBICHHBIA JTBUXKE-

HHEM 00BEKTa 10 OTHOIICHHUIO K HNCTOYHHUKY CBCTA.

5. CymiecTBeHHbIE U3MEHEHHUS B MOP(OIOTHU pacCerBAIOMIEro 00bEKTa (HAIpuMep,
W3MCHECHHS B TOJIOKEHUU W/WJIM OPUEHTAIIMU YaCTHUIl TI0 OTHOIICHUIO K jabopa-
TOPHOI CUCTEME KOOPAMHAT) MPOUCXOIAT HA MPOTSKEHUU OTPE3KOB BpeMeHU 1’
3HAUYUTENHHO 00JIee NJIMHHBIX, YEM MEPUO]] TAPMOHUYECKUX OCLMIUIALINI 3JIEKTPO-

MarautHoro nosst: 7> 27/ w.

6. SIBiaeHMEM TEIIOBOrO 3JIEKTPOMAarHUTHOTO HM3JIYyYEHHsS MOXKHO IpeHeOpedb. IJTo
MIPEANOI0KEHNE OOBIYHO JOIMYCTUMO ISl OOBEKTOB, HAXOIALIMXCS MPU KOMHAT-

HOU min OoJIee HU3KOM TeMIiepaType.

1.2. Makpockonuyeckue ypapHeHusi Makcseiia

[Ipeamnonoxxenusi, IepeyUCICHHbIE B MPEIBIIYIIEM pa3/elie, 03HAYAIOT, YTO 3aBH-
CHUMOCTb BCEX IOJIEH U UCTOUHUKOB OT BPEMEHH SBISIETCS TAPMOHUYECKOM. DTO TO3BO-
JSIET OIMUCHIBATh MOJHOE 3JEKTPOMArHUTHOE TMOJi€ B MPOHU3BOJBHBII MOMEHT BPEMEHHU
Kak perieHue aupdepeHaIbHbIX MAaKpOCKOMMYECKUX ypaBHEHHH MakcBemia B Tak
Ha3bIBAEMOM MOHOXPOMATHUYECKOM IpeacTaBieHuu [94, 238, 255, 272]. Cneuuduueckast
3aBUCHMOCTb ONTHYECKUX IMOCTOSHHBIX OT MPOCTPAHCTBEHHBIX KOOPAMHAT M COOTBET-
CTBYIOIINE TPAaHUYHBIC YCIIOBHS B JIOOOH MOMEHT BPEMEHH IMOJIHOCTBIO OMPEIEIISIOTCS
COOTBETCTBYIOIIIEH MTHOBEHHOH KoHuryparmeit N yactuil (cMm. puc. 1.1).

Jns Hammx 1ieneil Oyaer ymoOHO HCIONb30BaTh (PAaKTOPU30BAHHYIO (GopMy
BBIPAKEHUH JUIS DJIEKTPUYECKOIO0 M MATHUTHOTO TOJIEW C SIBHO BBIIEJICHHOW BPEMEHHOU
3aBucuMocThio: E(r,t) = exp(—iwt)E(r) u H(r,¢) = exp(—iwt) H(r). Torma ypaBue-

HUsl MakcBesuia B MOHOXPOMAaTHYECKOM IPEJICTABIEHUN PUOOPETAIOT BUJ

VXE(r) = iou,H(r) re v

. EXT? (1.3)
VxH(r) = —iwe,E(r)
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VXE(r) = iou,H(r)

. re Vi (1.4)
VxH(r) = —iwe,(r, ®)E(r)

rae Vyr — CyMMapHbIl «BHYTPEHHHUI» O0OBEM pacCEeMBAIOMIETO OOBEKTa; Viy;
OECKOHEUHBIN «BHEIIHUI» 00BEM, YIOBIETBOPAIOMMI yCIOBUIO Vi, U Viyr = K5 4,
— MarHuTHas IPOHULAEMOCTh BAKYyMa; €, — BELIECTBEHHAs IUIIEKTpUYECKasl IPOHHU-
LJaEMOCTb OKPYXKAIOIIEeH cpenbl; &,(r, ®) — KOMIUIEKCHAs AUDJIEKTPUUYECKas ITPOHULIA-
eMOCTh pacceuBaroniero oobekra. OKpyxkaromias cpela M pPacCeMBaIOIIUN OOBEKT
IIPEAINoIararoTcsi HeMarHuTHbIMU. [10CKONIBKY NepBbIe paBeHCTBa B ypaBHEHHsIX (1.3)
1 (1.4) maroT MarHUTHOE IOJIE NIPHU YCIOBHUH, YTO 3JEKTPUUYECKOE IOJIE U3BECTHO BO
BCEM MPOCTPAHCTBE, TO PELICHHE ATHX YPaBHEHH OOBIYHO HIIETCS B TEPMHUHAX
TOJIBKO 3JIEKTPUUYECKOTO TOJIS.

Xota ammutyasl E(r) u H(r) He 3aBUCAT OT BpEMEHU SBHO, OHHM MOTYT
U3MEHATBCS BO BPEMEHU BIIEJCTBUE BPEMEHHOM HW3MEHYHMBOCTH PAaCCEUBAIOIIETO
00BEKTa, a TaKXKe, €CIM MaJalolee U3TyUeHHE SBISIETCS KBa3MMOHOXPOMATHYECKHIM.
Tem He MeHee, Takue W3MEHEHUS aMIUTUTYJ MPOUCXOIAT 3HAYUTENIBHO MEJJICHHEE,
YeM TapMOHUYECKHE OCUUJUISIMU, OMHCHIBAEMBIE MHOXKUTENEM exp(—iwt), 4TO MOo-
MPEKHEMY TO3BOJISIET UCIIOJIB30BaTh MOHOXpPOMAaTHYECKUE ypaBHEHUsT MakcBea.

Cnenyer, KOHEYHO, YYHUTBIBaTh, YTO MAaKpPOCKOMHMYECKAs AJIEKTPOJUHAMUKA
OCHOBAaHA Ha UTHOPUPOBAHUU JUCKPETHOW CTPYKTYpPbl MAaTEPUH, U3 KOTOPOU COCTOMT
pacceuBarOIUid OOBEKT, W OINEPUPYET C HENPEPHIBHBIMM HCTOYHUKAMHU IMOJIEH.
[loaTOMy TEopeTHdyecKue MpeACKa3aHHsl, BBITEKAIOIIME M3 MaKpPOCKOIUYECKOM
ANEKTPOJMHAMUKH, MOTYT OKa3aThCsl HEAJIEKBAaTHBIMHM B TE€X CilydasX, KOIJla KBaHTO-
Bble 3(D(PEeKTHl UTparoT CyIECTBEHHYIO poiib. OIHAKO Ja)Ke B TaKUX CIydasX KBaHTO-
Basg TeOpus MOXKET OBbITh 3a4acTyl0 HCIOJb30BaHA JUIS OMpENeleHHUs MaKpOCKO-
MUYECKUX AJIEKTPOMArHUTHBIX CBOWCTB TEJ, COCTOSILIUX W3 OYEHb OOJIBIIOTO KOJU-
yecTBa aToMoB [2]. Takoil moaxox OOBIMHO NPUMEHUM K TejaM, IPEBBILIAIOIINM B
pasmepe 50 A [89], uTO0 0OBACHAET OYEHb IIMPOKMI AWANA30H HPUMEHHUMOCTH

MaKpPOCKOIIUYECKOM ANEKTPOAMHAMUKH. TakuM oOpa3oM, Halle MCIOIb30BaHUE
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MAaKpOCKONMYECKON JIEKTPOJANHAMMUKH KaK OTIPABHOIO IIYHKTAa OCHOBAHO HA TOM, 4TO
3Ta TEOpHUsl HEMOCPEICTBEHHO BHIBOAUTCS M3 Oosiee (yHIaMEHTAIBHBIX (U3UUECKUX
TEOpUH BCJIEACTBHE OJHO3HAYHO C(HOPMYIMPOBAHHBIX H UYETKO MPOCIEHKHUBAECMBIX
npuOIMKeHui. [[pyrumu cioBamu, ypaBHEHHS] MAaKpPOCKOITMYECKOM AIEKTPOAUHAMUKH
IIPUHAMAIOTCS HAMU II0 CYIIECTBY KaK AaKCHOMBI, BBIIOJHSIEMBIE B JOCTATOYHO
IIMPOKOM U XOPOIIO U3yUYEeHHOM Juamna3oHe KOHKpEeTHbIX cuTyauuid [238]. Kak Oyzaer
IIOKA3aHO B JaJbHEWIEM, TAKOM NOAXOJ IO3BOJSAET Pa3BUTh CAMOJOCTATOYHYIO M
CaMOCOTJIACOBAHHYI) TEOPUI0 MHOTOKPATHOI'O PACCESHUSA B CIy4YaHBIX JUCKPETHBIX
cpenax, B KOTOPOW HMCKIIIOUE€HAa HEOOXOIUMOCTh MPUBICUYCHUS (PEHOMEHOIOTUYECKUX

KOHIIEIIIINHN 1 3aKOHOB.

1.3. DieKTpOMarHuMTHOE paccesiHue

Jlo cux mop Mbl MCHOJB30BAJIM TEPMUH «3IJIEKTPOMATHUTHOE PACCESTHUE), HE
naBasi eMy KOHKpPETHOro omnpezenenus. Hactynuio BpeMs 3al0JHUTE 3TOT MPoOed.

@yHaaMEHTaIbHOE DPELICHUE ypaBHEHMM MakcBeiia B BUAE TapMOHHUYECKOU
mIockoM BoJiHbI (1.1) omuchIBaeT mMepeHOC JJIEKTPOMArHUTHON SHEPTHU U3 OJIHOU
TOYKH B JIPYTYIO U BOIUIOUIAET B ce0€ KOHUEMUHUIO MOJTHOCTEI0 MOHOXPOMATHYECKOTO
napajieNbHOro Jy4ya cBera. [lmockast 3JeKTpoMarHuTHas BOJIHA PacIpOCTPAHSETCS B
OCCKOHEUYHON HEMOTJIOMAIIeH cpeae 0e3 KaKoro-Tmbo M3MEHEHHS B €€ MHTCHCHB-
HOCTHU WJIA COCTOSIHUU MOoJsipu3aiuu (cM. puc. 1.2a). OqHako NpuCcyTCTBUE KOHEYHOTO
00BEeKTa MPUBOIUT K MOAU(PUKALIUU HIEKTPOMArHUTHOTO TOJIs, KOTOPOE B IPOTUBHOM
cllydae CYLIECTBOBAJIO Obl B HEOTPAHUYECHHOM OJIHOPOJHOM TMPOCTPAHCTBE. OTa
MOAM(DUKALNS U Ha3bIBAECTCS 271eKMPOMAHUMHBIM PACCESHUEM.

Pa3HocTh MeXay MOJHBIM IMOJEM B MPUCYTCTBUM 00bekTa, E(r,?), u monewm,
KOTOPOE CYIIECTBOBANIO OBl TIPU OTCYTCTBUH 00BekTa, E™(r,¢), MOXHO paccMaTpH-
BaTh Kak 1oJje, paccesHHoe oobektom, E*(r,¢) (puc. 1.2b). Ipyrumu cioBamu, mod-
HOE€ M0JI€ B MPUCYTCTBUHM OOBEKTA MPEACTABIIAECTCS BEKTOPHOW CYyMMOM COOTBETCTBY-

IOIUX HAY9aJIbHOTO (TIaaromiero, «incidenty) u paccessHaoro («scatteredy) mosieii:
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Aoy,

8830113
E*(r,1) = E(r,1) — E™(r,1)
E™(r, ) >
> /—\

g ~
(a) Eirc (r,1) > J jj

v

>

(b)

Puc. 1.2. Paccesnue koHe4dHbIM (PUKCHPOBAHHBIM O0OBEKTOM. B nanHom
ciydae 0ObEKT COCTOUT U3 TPEX OT/IEIbHBIX HEMOABMKHBIX YACTHII.

E(r,t) = E™(r,t) + E*(r, ?). (1.5)

BaxxHo oTMeTUTB, UTO pa3zesieHHe MOJIHOTO TOJIs Ha TMajaroliee U pacCcesHHOE B
COOTBETCTBUU ¢ (1.5) sABIAETCS YUCTO MATEMATUUYECKOM MPOLIeypOil. ITO 03HAYAET, YTO
KJIACCMUECKOE PACCEsSHHUE B paMKax MOHOXPOMATHYECKOIO IMPEACTABICHUS AJICKTPOJIU-
HAMUKUA €CTh HE peabHbIN (DU3MUECKHM TpOIeCC, a SBJIICHHUE, COCTOSIIEe B TOM, YTO
MIOJTHOE T10JI€ B MPUCYTCTBHHM OOBEKTa OTIIMYAETCS OT IOJIHOTO TOJISi TIPU OTCYTCTBUU
oObekra. [loaToMy 3amava «omucaHus AIEKTPOMArHUTHOTO PACCESHUS» CBOJIUTCS TIO
CYILIECTBY K BBIUHUCICHUIO PA3HOCTH MEXIY MOJISMHU, COOTBETCTBYIOITUMH JIBYM pa3Iny-
HBIM CUTYaIMsIM, KaK (YyHKITUU (PU3NYECKUX XapaKTeprucTUK oobekTa [162, 194, 202].

Uro0Obl Jydlie OIEHWTHh 3TO (YHAAMEHTAIBLHOE OOCTOSTEILCTBO, JIOCTATOYHO
BCIIOMHHTb, UYTO TUIOCKAs DJIEKTPOMArHUTHAs BOJIHA SIBJISIETCS CTAllMOHAPHBIM pEIlICHUEM
ypaBHeHMd MakcBemna. MHbIMM clioBaMu, MperojaraeTcs, 4To OHa CYIIECTBOBAJIA
BCErja M, 3a UCKIIOYCHHEM TapMOHUYECKOTO MHOXHUTEN exp(—iwt), 0e3 Kakux-1udo
BPEMEHHBIX H3MEHECHMH. PellleHne MOHOXpPOMAaTHYECKHMX YypaBHeHHUU MakcBeiia B
NPUCYTCTBUU PACCEUBAIOINIETO OOBEKTa TakKe CTAallMOHAPHO. OJTO O3HA4YaeT, 4YTo
paccestHHOE T0JIe TOXKE CTallMOHAPHO, IMMOCKOJIBKY OHO OINpPEAeSIeHO MaTeMaTHYECKU KaK

PAa3HOCTh ABYX CTAlITMOHAPHBIX TIOJICH. HOBTOMY PacCCCsAHUC F&pMOHH‘ICCKOﬁ QJICKTpOMaAr-
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HUTHOM BOJIHBI HE SBJSIETCS HHU JIMCKPETHBIM COOBITUEM, HHM Pa3BHBAIOIIMMCS BO
BPEMEHU NpOIecCOM. B 4acTHOCTH, €ro Henb3s OINUCHIBATH, HAIPUMEp, CIEIYIOIUM
oOpa3oM: JIyd cBeTa (WIM «CTyCTOK 3JEKTPOMATHUTHOM RHEPrumM», WIM «(POTOH»)
CHayaja MaJaeT Ha YacTHIly; 3aTeM IPETEpIEeBACT aKT pacCessHUs Ha 4YacTulle; u,
HAKOHEII, YJIETaeT OT YaCTHUIIbl B «HAIIPABJIEHUH paccesHus». K coxxanenuro, Takoro poja
CUHTEPIIPETALUN JEKTPOMArHUTHOI'O PACCESIHUS MOXKHO 4acTO BCTPETUTH HE TOJIBKO B
y4eOHMKaX, HO U B CHELMATIM3UPOBAHHBIX MOHOTpa(pUsIX.

OCOOEHHO HAIIAOHOE OMHCAHHWE SJIEKTPOMArHUTHOIO PACCESIHHUS BO3MOXKHO C
UCIOJIb30BAHUEM TaK Ha3bIBAEMOI0 OOBEMHOIO WHTETPAJIbHOIO YpPaBHEHUS, KOTOPOE
HEMOCPEJCTBEHHO CIIEAYET U3 MOHOXPOMATUYECKUX ypaBHEHH MakcBesia U sBISETCS

ctporum [240]:

E(r) = E™(r) + kfj dr’G(r,r’) - E(’)[m*(r)) —1]

VINT

p(ik,r —r')

e e LSRR

. N ,_, ex
=E™(r)+ k|1 +FV®V j dr E(r")
V

1 INT

reR’, (1.6)

o &Y . 1/2
roe oOumMi BpeMeHHOH MHOXKHTENs exp(—iwt) omymen, m(r’) = [&,(r, w)/e,]”* -
TIOKa3aTeNlb IPEIOMICHHS BHYTPEHHEIO OOBEMa II0 OTHOLIEHHIO K OKPY’Karomiei

cpene, k, = k™| = w(e,u,)"* — BOTHOBOE YHCIIO B OKpYIKAIOIIEH cpee,

exp(ik Ir — ')

Grr') = | T + %V@V (1.7)

: Az|r — 1|

g

— nuaaHas (TeHzopHasi) GyHKuusa ['puHa B cBOOOJAHOM MPOCTPaHCTBE, [ — €AUHUYHBIN
TEH30p BTOPOIO MOpsiiKa, ® — CUMBOJ JUATHOTO MPOU3BEACHUS JIBYX BEKTOPOB (CM.
[Ipunoxenue A, B KOTOPOM JlaHa KpaTKasi CBOJAKA JUAJHBIX ONpeeTIeHn 1 0003Haye-
Huif). BugHo, 4yTo 00BEMHOE WHTErpaJIbHOE YpPaBHEHHE BBIPAXKACT IOJHOE IOJIE B

Tr000# TOYKE MPOCTPAHCTBA Yepe3 BHYTPEHHee mosie. [Ipu OTCYTCTBHM pacceuBaro-
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mero oobexTa M(r’) = 1, Tak YTO MOJHOE MOJIE OKA3BIBAETCS MAEHTUYHBIM T1aIAK0IIE-
My monto. [Ipu Hamuuum 0OBEKTa MOJIHOE TMOJIE COACPKUT PACCESTHHBIA KOMIIOHEHT,
KOTOPBIN ONHCHIBAETCA BTOPBIM ciaraeMbiM B mpaBoil yacT (1.6). Ilockonbky BHY-
TpeHHee MoJie, B OOIIeM cly4yae, HEU3BECTHO, TO OHO JOJDKHO OBITh HAMJIEHO WH3
00BEMHOI'0 MHTErPAJIBHOTO YPABHEHUS aHAIIUTUYECKH UJTM YHCIIEHHO.

N3 00beMHOr0 HHTErpajJbHOTO YpaBHEHHS CIEAYIOT 1Be (pyHIaMEeHTalbHbIC
XapaKTePUCTUKHU 3JIEKTPOMArHUTHOTO paccesiHus. Bo-nepBbIX, SBJICHUE 3JIEKTPOMArHUT-
HOI'O PacCessHUsI HE OrPaHMYEHO YACTHBIM CIy4aeM MAJAroIIero Mojis B BUIE IIOCKON
BOJIHBL. Ha camMoM jene OHO OTHOCHUTCS K JIF0OOMY MajarolieMy IOJI0 B TOW Mepe, B
KOTOPOW NOCJETHEE YAOBIETBOPSET ypaBHEHHAM MakcBea, Kak, Harpumep, cepudec-
Kasl WM [WIMHAPUYECKAs: BOJIHA.

Bo-BTOpBIX, HE3aBUCHUMO OT MOP(OJIOTHH PACCEUBAOIIEI0 O0BEKTa MOCIETHUMN
OCTaeTCAd €IWHBIM HEJCIMMBIM pACCEUBATENEM. XOTS YEJIOBEYECKUU IJ1a3 MOXKET
KJIaCCU(DUITMPOBATh PACCEUBAIOIINK OOBEKT KaK «Tpymmy (Wid 00JIaKO) OTIACIBHBIX
YacTHI», Na/Ial0IIEe NO0JIe BCEr/la BOCIPUHUMAET OOBEKT KaK €IMHBIN pacceuBareib B
BUJIE CHEUU(PUYECKOrO MPOCTPAHCTBEHHOIO pACIpENENICHUs IOKa3aTels IMpernoMIe-
Hus. [locnennee 0O6CTOSATENBCTBO CTAHOBUTCA OCOOEHHO OYEBUAHBIM, €CIIM BBIPA3UThH
paccessHHOE 3JIEKTPUUECKOE ToJIe uepe3 naaaroniee nosue [14, 263]:

E“(r) = j dr' G(r,v’)- '[ dr’ (' v") - E™r"), re R, (1.8)

Vine Vine
rae T — Tak Ha3bIBACMBII JUATHBIIT MEePEXOHBIN ONEPATOP PACCEUBAIOIIETO OOBEKTA.
[Toacrasnss (1.8) B (1.6), MbI moTyyaeM cienyroniee HHTErpalbHOE ypaBHEHHUE

TS f:
T(r,v’) = kX [m*(r) = 1]8(r —v')]

+ kf[mz(r)—l]J‘ dr’G@r,x”)-T(",v)), r,r'e V., (1.9)
V[NT

rae O(r) — TpexMmepHas JenbTa-(QyHKIUS. YpaBHEHUS TAKOrO TUIA BCTPEYAIOTCS B
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KBAaHTOBOM TEOPUM PACCESHUsS W HA3bIBAIOTCA ypaBHeHHMsMU Jlunnmana—IlIBuHrepa
[217]. OcroBHOe mpemmynecTBo ypaBeennmii (1.8) u (1.9) cocromr B TOM, uto I
SBJISIETCSI CBOMCTBOM TOJIBKO PAcCEMBAIOIIET0 OOBEKTAa U HE 3aBHCHUT OT IaJalOIIero
nosst. Bomee toro, T /aeT MONHOE OMMCAHHE SMEKTPOMATHATHOTO PACCESHHS OOBCK-
TOM JUIsl TIPOM3BOJIBHOTO rapMOHHMUYecKoro mnagatoumiero nois. Kak mbl yOoenumcs B
CJIeTyIOLIEN IaBe, KOHIENIUS IUAIHOTO NEPEXOAHOr0 ONEPATOPA UTPAET KIIFOUEBYIO
POJIb B TEOPUH MHOTOKPATHOT'O PACCESHU.

Kak yxe ynoMmuHanaoch, mpakTHUecKasl MpUMEHUMOCTb (opMaIi3Ma MOHOXpOMa-
TUYECKHUX BOJIH MOAPA3yMEBAET CTALMOHAPHOCTh AIEKTPOMArHUTHOI'O MOJISl HAa OTpe3Kax
BPEMEHH, 3HAYUTEIBHO NPEBOCXOMAIIMX IO JIUTEIBHOCTH MEPUOJ T'apMOHUYECKHX
ociuisinui. [loaTroMy 3TOT GopMann3M MOXKHO HCIONB30BaTh TAKXKe U OMHCAHUS
paccesiHusl KBa3UMOHOXpoMaTtudeckoro cBeta (hopmyna (1.2)), B 4aCTHOCTH, COTHEYHOTO
CBETA.

[loBcemecTHOE MPHUCYTCTBHUE AIEKTPOMArHUTHOIO PACCESIHUS B €CTECTBEHHBIX U
HCKYCCTBEHHBIX YCJIOBUSX OOBACHSIECT (yHAAMEHTAIbHYIO0 3HAYMMOCTH 3TOTO (prsmyec-
KOT'O SIBJICHUS MPU MOJEIIMPOBAHUH TIEPEHOCA SJIEKTPOMArHUTHOW SHEPIUH B Pa3INUHbIX
HAYYHBIX U MHXCHEPHBIX MPUIOKEHUSIX. ITO B PAaBHOU MEpe OTHOCUTCS U K CUTYAIIHSIM,
B KOTOPBIX 3JIEKTPOMATHUTHOE PACCESIHUE BBI3BIBAETCS MCKYCCTBEHHO M UCHOJb3YETCS
IUIS ONPEAEICHHs XapaKTEPUCTUK HCCIeyeMbIX 00beKTOB. CyIECTBYET HECKOIBKO TOY-
HBIX TEOPETHYECKUX M YHCIIECHHBIX METOJOB pacueTa MoJs, YIPYro pacCessHHOro (hpuKcu-
POBAaHHBIM OOBEKTOM B BHUJE €IWHONO T'€OMETPUYECKU CBSI3HOIO Teja WA TPYIIbI
OTIENBHBIX TeJ (JacThir). DTH METObl moApoOHO paccmarpuBaroTes B [21, 30, 57, 99,
191, 194, 279]. Kaxnplit 13 HUX UMEET OINpPEACIICHHbIE OTPaHUYEHUS Ha MOP(OIOTHIO
00BEKTa, €ro MoKa3aTellb MPEJOMIICHUSI W/ WU €ro pa3Mep MO OTHOUICHHIO K JITMHE
BoIHBL. HU OIMH M3 3THX METOOB, Jake B KOMOMHALMU C CaMbIMH OBICTpOJICH-
CTBYIOIIMMHU KOMIBIOTEpaMHU, HE MOXXET OBITh HCIOJB30BaH ISl pacuera MOJeH,
paccesTHHBIX OOJBIIMMH MHOTOYAaCTUYHBIMUA OOBEKTaMH, TAKUMHU KaK aTMOC(EpHBIS
oOnaka, MOpPOITKOOOpa3HbIE MOBEPXHOCTH W Omosormueckue B3BecH. l[locmemHee

OOCTOATEIBCTBO J€NaeT HEU30E)KHBIM HCIOIb30BAaHUE HAJICKHBIX TNPUOIMKCHHH,
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KOTOpBIE BBIBEJICHBI HEMOCPEACTBEHHO W3 YypaBHeHUH MakcBemna, He TpeOyroT
YpEe3MEPHBIX KOMITBIOTEPHBIX PECYpCOB, U B TO K€ BpeMsl 00€CIEeYHBAIOT TOYHOCTD,
JOCTAaTOYHYIO JUII MHOTMX MpuioxkeHud. OJHa M3 OCHOBHBIX 3a/ad HACTOSIIEH
JUCCEPTALMA COCTOMT B JEMOHCTpPALlMA TOIO, YTO TEOPUU IIEPEHOCA HU3IIy4YEHUS W

c1a00 JIOKATM3ALMH SIBISIIOTCS KaK pa3 TAKUMHU MPUOJIMKEHUSMH.

1.4. PaccesiHue B JaJIbHEH M OJIMIKHEH 30HAX

@OyHIaMEHTaIbHBIM CBOMCTBOM AWAJAHON (yHKIMH ['prHa sBISIETCS Cleayroiiee

ACUMIITOTHYCCKOC ITIOBCACHUC HA OCCKOHEYHOCTH:

n , - . exp(ikr)
G(r,r) — (I—r®r)4—exp( —ik,F-1’), (1.10)
r—o0 Tr
rae » =|r|, u F =r/r. llomMenas Hayano JabOpaTOPHON cucTeMbI KoopauHar O BOIU3HU
reOMETPUYECKOTO IIEHTpa pacceuBaromiero oobekra (puc. 1.3a) u noacrasnsis (1.1) u
(1.10) B (1.7), momyuaem [59, 194, 202]:

exp(ik,r
Esca(r) N p( 1 )Efca(ﬁsca)
r—>o0 7

exp(ik,7) -
— p( 1 )A(ﬁsca ’\lnC) ElIlC '\sca Esca("sca) — O (111)
r

3necy 1™ =k™ / k, — eIMHUYHBIA BEKTOP B HAaNPaBJICHUH MaJCHUs, N =T — eAUHUY-
HBIi BEKTOpP B HAINPaBJICHHH PACCESHUS, A — Tak Ha3BIBAaEMBI TEH30p pacCesHHUS,
Takoi uro A* - AR, A™) = AR, A™)-n™ =0, roe 0 — HymeBoil BEKTOP.
OxoHYATeIbHOE BBIPAXKCHHE JIJII TCH30pa pacCcesHWs B TEPMUHAX JHATHOTO

MEPEXOTHOrO OnepaTopa UMeeT cieaytomuit Bua [202]:
Z(ﬁsca ﬁll’lC) — _(1 "SCZI ® "SC&) J‘ dr eXp( 1kn )

xj- dr” T(r', v")exp(iki™ - v”) - (I — Ai™ @ h™). (1.12)
VINT
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Touka HaOIIOHEHUSA

(b)

Puc. 1.3. (a) Paccesaue B manpHelt 30He Bcero oobekTa. (b) IIpaBocTo-
poHHsIs cheprueckasi CuCTeMa KOOpIUHAT.

Tenzop paccesHus MMeET pPa3MEPHOCTh JUIMHBI W OMHCHIBAET PACCESTHHE TUTOCKON
AJIEKTPOMArHUTHOW BOJIHBI B TaK Ha3bIBaeMOM OanbHell 30He 00bekTa. Kak cremyer u3
(1.11), pacnpocTpaHeHHE pPACCESTHHOM SJIEKTPOMAarHUTHOW BOJIHBI MPOUCXOJUT B
HarpaBjieHUH OT 00beKTa. bosiee TOro, 3MEKTPUUYECKUA U MAarHUTHBIA BEKTOPHI KOJIEO-
JIOTCS. B TUIOCKOCTH, TMEPHEHAUKYJISPHON HAMpPaBICHUIO PACHpPOCTPAHEHHUsS, a HX
aMIUTATY 1Bl YOBIBAIOT 0OpATHO MPOMOPLMOHATEHO PACCTOSHUIO OT Hayasia KOOpMHAT.

OcHOBHOE ya00CTBO MPHUOJIMKEHUS! NallbHEM 30HBI COCTOUT B TOM, YTO BECh
O0BEKT MOXKHO paccMaTpuBaTh, MO CYTH, KaK TOYEYHBI HCTOYHHUK PACCESTHHOTO
M3ITyYeHUs, TOT/Ia KaK PacCesHHOE TO0Jie MpEeBpallaeTcsi B MPOCTYI0 PAaCXOISAILYIOC
chepuueckyro BosiHy (puc. 1.2b). bonee Toro, (1.12) moka3siBaeT, 4TO TOIBKO YETHIPE
U3 JIEBSITH KOMIIOHEHTOB TEH30pa pacCesHUs SBISIOTCS HE3aBUCUMBIMU B cepuuec-
KOW cucrteMe KoopauHat ¢ HayanoM B Touke O (puc. 1.3a). [Toatomy y100HO BBECTH
TaK Ha3bIBAEMYI0 aMILTUTYJAHYIO MATPUILy pPacCesHHsl S pasMEepHOCTH 2X 2, KOTOpas

OMUCHIBAET NMPeoOpa3oBaHue - U P-KOMIIOHEHTOB Majarollel MIOCKOW BOJIHBI B - U
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(-KOMIIOHEHTBI PacCestHHOW cpepryecKOoi BOJIHBIL:

exp(ik N
Esca(rﬁsca) — Xp( 17") S(ﬁsca’ ﬁlnC)Eglc’ (1 .13)
r

rne E o0o3HauaeT nqBYX2/IEMEHTHYIO KOJIOHKY, COCTOSIIYIO U3 6- U (- KOMIIOHEHTOB

AIIEKTPUYECKOTO BEKTOPA!

EQ
E = (1.14)
E 5
4
0e[0,7] — mnonspHBIA (3€HUTHBINA) YTOJ, OTCUMTHIBAEMBIM OT MOJIOKHUTEIBHOTO

HarpaBiieHus1 ocH z, g€ [0, 27r) — a3uMyTaJIbHBIM YroJi, OTCYUTHIBAEMBIA OT IMOJOKHU-
TEJILHOT'O HAIIPABJICHUSI OCU X 11O YACOBOM CTPEJIKE, €CIIU CMOTPETh B MOJIOKUTEILHOM
HampaBieHun ocu z (puc. 1.3b). AMIITUTYAHAsT MaTpUIla PacCEsHUS MMEET pa3Mep-
HOCTb JJIMHBI U 3aBUCUT OT HAIpaBJICHUN MAaJICHUSI U PACCESHUS, a TAKXKE OT pa3Mepa,
MOP(QOJIOTUH B COCTAaBa PACCEMBAIOIIETO OOBEKTA M €T0 OPUEHTAIIUU 110 OTHOIIEHHUIO K
nabopaTopHoil cucteme koopauHat. OHa TakkKe 3aBUCUT OT BHIOOpA Hadaja KOOP.IHU-
HAT 10 OTHOIIEHUIO K 00BEKTY. 3HAHWE aMIUTUTYHOW MATPHUIIbI PACCESTHUS TTO3BOJISET
OTIPEJICINTh PACCESHHOE U, CJIEIOBATEIBHO, TIOJHOE MOJIE€ U TAKUM 00pa3oM JI€TaabHO
OIMCATh PAaCCESHUE B TAJIbHEN 30HE.

BaxxHbpiMH CBOMCTBaMH TEH30pa PACCEsIHUA U aMIUIMTYJHOM MaTpHUIlbl paccesi-

HHUS SBJISIOTCS TaK HAa3bIBAEMBIC COOTHOIIICHUS B3aUMHOCTH [239]

;i(_ﬁinc’ _ﬁsca) — [;i(ﬁsca, ﬁinC)]T’ (115)

) S (ﬁsca ﬁinC) —S (ﬁsca ﬁinC)
A inc Ascay 11 ’ 21 ’
S(_n ? —n ) - Asca A dnc Asca A dnc (1 : 1 6)
=§,@m™,n™)  §,(m,n"™)

1 TeopeMa oOpaTHoro paccesHus [273]
S,,(-n,n) = —S,(-n,n). (1.17)

OueBusiHasE MHTEpHOpETAIUsl COOTHOILICHHUS B3auMHOCTH (1.15) cocrouT B TOM, 4TO
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€CJIM UCTOYHHUK CBETa U PACCEUBAIONIUN OOBEKT MEHSIOTCS MecTamu (cM. puc. 1.4), To
HOBBIM TEH30pP pacCesHUS MOJy4YaeTCsi TPAHCIIOHUPOBAHUEM HUCXOJHOTO TEH30pa pac-

CCAHUA.

%
2
(@)
%
)
VF‘O
o)
(&)
2N\
Jlerextop
n (a)
;O
2
(&)
Y
O,
>o)
ﬁinc

gy B

Mcrounuk cBera (b)

Puc. 1.4. (a) Ucxonnas reomerpus paccesHus. (b) Bzaumuas
TCOMETPHS PacCesTHUSI.

JleTasibHbIE YCIIOBUSI TPUMEHUMOCTH TMPUOIMKEHUS JalbHEW 30HBI ObUIH

BBIBEJICHHI B [155]:

k(r—a)>1, (1.18)
r> a, (1.19)

ka’
> (1.20)
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rie a — pajguyC HaMMEHbIIEH OMHUCAHHOW cQepbl BCET0 PacCEUBAIOLIETO OOBEKTA C
LEHTPOM B Hayane KoopauHaT. DHU3UYECKHN CMBICI 3THX YCJIOBUW OKa3bIBACTCS
BeCbMa Mpo3payHbIM. [lelicTBUTENbHO, 00BEMHOE UHTETpaTibHOE YpaBHeHUE (1.6) moka-
3bIBAET, YTO MOJHOE PACCESHHOE IO0JIE SBIISIETCS CYNEPHO3ULUEN YaCTUYHBIX MOJIEH,
CO37aBa€MbIX WHIMBHIYATHHBIMH 3JIeMEHTapHbIMU (muddepeHnnansHbIMu) o0bema-
mu oobekta. HepaBeHcTBo (1.18) o3HayaeT, 4To paccTossHUE OT JIFOOOM TOUKH BHYTPH
00BEKTa 70 TOYKH HAOIIOJEHUS JOHKHO OBITh HAMHOTO OOJBIINM, YeM JJTTHA BOJHBI
cBera A, =2r/k,. DTO IPUBOAUT K TOMY, YTO YACTHUIHOE IOJIC, CO3ABAEMOE JIFOOBIM
AJIIEMEHTAPHBIM 00BEMOM, MPEBPAIIAETCS B PACXOIALLYIOCA C(hEepUUYECKYIO BOIHY (CM.
puc. 1.5). HepaBenctBo (1.19) TpeOyer, 4ToOBI TOUKa HAOMIOACHHS ObLIA yJaJIeHA OT

Hayaja KOOPAMHAT Ha PAaCCTOSHHE, 3HAYUTEIbHO MPEBOCXOlIee pa3Mep oObekTa. B

.
-

L]
~
‘(\,/
.-

Puc. 1.5. Yactuunsie chepruyueckne BOIHBI, CO3/IaBACMbIC DIIEMEH-
TapHBIMH 00bEMaMH C IIEHTPAMH B TOUYKaX i (IITPUXOBas KPUBas)

U j (IUTpUX-TIyHKTHPHAs KpUBas) B TOUKE HAOIIOAEHUS, yIOBIET-
Bopsitoeit ycnosuto (1.18).
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pe3ynbTaTe, KOr/ia YaCTUYHbIEe c(hepruuecKre BOIHBI MPUOBIBAIOT B TOUKY HAOIIOICHUS,
OHM PACIIPOCTPAHSIOTCS IPUMEPHO B OJHOM M TOM K€ HANPABICHUU U OJUHAKOBO
ocnabnsoTcs 3a cueT MHOXuTens «l/paccrosnue» (cm. puc. 1.6). Bemonnenue
HepaBeHcTBa (1.20) mpuBOAUT K TOMY, YTO MOBEPXHOCTH MOCTOSIHHOM (Da3bl yacTHy-
HBIX BOJIH JIOKQJIbHO COBMAJAIOT B TOUKE HAOMIOACHUA U POPMHUPYIOT €IUHYIO pacxo-
TSAUIYIOCS CPEPUUECKYIO BOJIHY (CM. pucC. 1.6).

Venous (1.18)—(1.20) yacTo BBIMOIHAIOTCS IS JOCTaTOYHO Maiblx (ka <

Puc. 1.6. Yactuunsie chepuyeckre BOJHOBBIE (POHTHI, CO3/1aBAEMbIE
AJIEMEHTAPHBIMU O0BEMAMU C LIEHTPAMHU B TOYKax I (IITpUXOBasi KpUBas)
U j (WUTpUX-MYHKTUPHAs KpHBas) NMPAKTUUYECKH COBIAJAIOT B JajbHEH
TOYKE HAONIOACHUS M CTAHOBSTCS IMOYTH HEOTIIMYUMBIMU OT €IMHOIO
chepruueckoro BOJIHOBOIO (PpoHTa C IEHTPOM B Haudajie KOOPJUHAT.
COOTBETCTBYIONIME HANPABIEHHUS PACIPOCTPAHEHHS P,, P, M [ TaKKe
NPAKTUYECKU COBIA/IAIOT.
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10*) Moponorudecky IPOCTHIX 0OBEKTOB, NIl KOTOPHIX, K TOMY K€, OOBIYHO OBIBAET
BO3MOXXHBIM PEIIUTh YpaBHEHUsI MakcBesia C MOMOIIbI0 OJHOTO M3 TOYHBIX HWIIU
MPUOIMKEHHBIX METOJIOB. DTUM OOBSCHSETCS IIMPOKOE HUCIIOIb30BaHUE KOHIICHIUU
aMIUTUTYAHON MaTPUIbl pacCcestHUsI KaK OJHOYACTUYHOW 3JEKTPOMArHUTHOM XapakTe-
PUCTHUKHU.

Onnako Bo mHorux cinydasx ycinoBus (1.18)—(1.20) rpy6o napymatorcs. Tunuy-
HBIM [IPUMEPOM SIBIISIETCS AUCTAHIIMOHHOE 30HIMPOBAHUE BOAHBIX OOJIAKOB B 3€MHOM
aTMoc(epe C TOMOIIBI0 MPUEMHHUKOB AJIEKTPOMATHUTHOTO W3IIYYCHHS, YCTaHOBJICH-
HBIX HAa CaMoJIeTaX WM HUCKYCCTBEHHBIX CIYTHHKAaX. Takue IETEKTOPHl OOBIYHO
pearupyIoT Ha W3IIy4YCHHE, MPUXOIAIIEe OT HEOOIBIIION YacTH 00JIaka, M He BOCTIPUHU-
MarT Bc€ O0JIAKO KaK €IWHBbII TOueyHbId paccenBarenb (nerexkrop 1 Ha puc. 1.7).
boisiee Toro, kKoHUENIMSA AAIBHENW 30HBI TEPSAET BCSIKUM CMBICH, €CIIA JETEKTOP HAXO-

OUTCS BHYTpH obOnaka (aerektop 2 Ha puc. 1.7). Takum oOpa3oM fCHO, YTO IS

%z%Q}

(o)
2,

Puc. 1.7. Paccessaue B OmmxHEN 30HE 00J1aKa YaCTHILI.
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TCOPECTUICCKOI'O MOACINPOBAHNUA MOKa3aHUM TaKUX ACTCKTOPOB HGO6XOI[I/IMO HCIIOJIb-
30BaTb HHBIC XAPAKTCPUCTHUKU PACCCAHHA, YEM TCH30pP PACCCAHHA W aMIUIATyAHAas

MaTpHLa pacCesHUS.

1.5. PeajbHO Haﬁ.]'llOI[aeMble OIITHYCCKHE BCJINYNHDBI

BcenenctBue upe3BblYalHO BBICOKOM YaCTOThl TAPMOHUYECKUX OCUHMWLIALIUN
TPAJUIMOHHBIE ONTUYECKUE MHCTPYMEHTHI HE B COCTOSIHUU U3MEPSTH JIICKTPUUECKUE
Y MarHuWTHBIE TIOJISI, CBSI3aHHBIE C MAJAIOMIEN U PACCEIHHOM BOJHAMU. [[efICTBUTENBHO,

u3 popMyJibl

1 t+T , ) ,
?J-t dt” exp(—iwt") e 0 (1.21)
CJIEIIyeT, YTO HAKOIUICHUE U yCPEIHEHUE CUTHANA, MPONOPLUHUOHAIBHOTO JIEKTpUYEC-
KOMY WJIM MarHUTHOMY TIOJIIO, 32 OTPE30K BpeMeHH 7, CYIIECTBEHHO MPEBBIIIAOIIHIA
NEPHOJ] OCIMILISALMM, a0 Obl HYJIEBOM OCTaTOUHBIN pe3ynbTatr. [loaToMy onThueckue
MHCTPYMEHTBI OOBIYHO U3MEPSIIOT BETUYHHBI, UMEIOIINE PA3MEPHOCTH OTOKA SHEPTUU
U OTIPEJICIICHHbIE TAKUM 00pa30M, YTO TAPMOHHUYECKUI MHOKUTENb eXp(—iw?) ucuesa-
€T B pe3yJbTaTe YMHOXEHHUS Ha CBOE KOMIUIEKCHOE COMNpshKeHHe: exp(—iwmt)
x[exp(—iwt)]" = 1. Dro 03HaAuaeT, YTO IPUMEHUMOCTH TEOPUM K AHAIM3Y PeabHbIX
ONTUYECKUX HAOIIOJECHUN ONpenesieTcs] aJeKBaTHOCThIO OMUCAHUS AJIEKTPOMAarHUT-
HOTO paccesiHUsl B TEPMHUHAX MPOU3BOJHBIX BEIIUYUH, KOTOpPHIE MOKHO HEMOCpen-
CTBEHHO H3MEPSTh. ITO 0OCTOATEIHCTBO OOBICHSET, MOYEMY B JUCHUIUIMHE pacces-
HUSl CBETa UCKJIIOYUTENbHAS POJIb MPUHAJICKUT KOHUECILUU ONMUYECKOU BelUYUHbL
KOMOPYI0 MO}CHO DealbHO U3Mepums, WIN onmuieckoi Habnrooaemou (JOCIOBHBIM
NEePEBOJI JABHO YCTOSIBIIIETOCS aHTJIMMCKOTO TeMUHa optical observable).

XOTsl BENMMYMHY M HANpPABJIICHHE MOTOKA JIEKTPOMArHUTHOW SHEPIUH B JO00i
TOYKE MPOCTPAHCTBA BCErJa MOXHO OmucaTh B TepMuHax Bektopa [loiiHThHra [94],

HOCJIG,Z[HI/If/'I HC COICPIKUT I/IH(i)OpMaHI/II/I 0 IIOJIAPU3alIUOHHOM COCTOAHUU ITAAAIOMICTO 1
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paccestHHOTo noJiel. TpaAuIMOHHBINA MOAXO0/I K pa3peICHUI0 3TOW MPoOIeMbl TPUHA/-
nexutr Crokcy [254], KOTOpBIM NPENIOKUI HCIOJIb30BaTh YETHIPE BEILECTBEHHbBIE
Benuuubbl [, O, U u V, uMmewnyme pa3sMepHOCTh MOHOXPOMAaTHYECKOrO IMOTOKa
suepruy (BTM °) M NOJHOCTBIO XapaKTEPH3YIOLIUE nonepeunyio SIeKTPOMATHUTHYIO
BOJIHY ITOCTOJIBKY, ITOCKOJIBKY MOCIEAHSS TOABEPraeTCsl MPaKTUYECKOMY ONTUYECKOMY
aHanu3y. JTU BEIUYMHBI, Ha3biBaeMble mapamerpamu CTokca, GOpPMHUPYIOT YeThIpex-
9JIEMEHTHBIA CTOJOEI, Ha3biBacMblii BekTopoM Ctokca |, m comepxar mHpOpmammio
KaK O MOJHOM MHTEHCUBHOCTHU BOJHBI (), Tak U 0 cocTosiHuu ee nossipuzanuu (Q, U,
V). Dnnuncomerpudeckas uHTeprnpeTanus napamerpoB CTokca AeTambHO 00CyKia-
ercs B [194, 202].

B cnyuae paccesHus B JanbHEH 30HE, KaK IaJarolias IJIOCKAas BOJHA, TaK U
paccesiHHas cheprueckas BOJIHA ABIISIOTCS MOMEPEYHBIMHU. DTO MO3BOJISET ONPEACTUTh

COOTBETCTBYIOIIME HAOOPHI mapameTpoB CTokca u BeKTopsl CTOKCA:

B ]inc ] E(l)réc (E(;I;C)x + E(l)r;c (E(l)l’(lﬂC)*
I T R B s | (122)
U 2V | —Egy (EO(p) - Eo¢ (Egp)
v LES (B — B (B
I B (B + B (B
sca ESCa ESCa * _ ESCa ESCa *
Isca(rﬁsca) = Qsca :%l E_l 1gsczf 16scz)1 # lgﬂsc: 1(pscz | (123)
U o2\ py | —Ey (El(p ) — E, (Ep)
_Vsca | _i [Els(za (Elsgca)* _ Elseca (Els;a)*]_

birarogapst 3ToMy, IMokaszaHne KOJUNIMMUPOBAHHOTO AETEKTOPA NOJSIPU30BAHHOTO CBETA,
HaxOJSIIETOCAd B JAJBHEM 30HE, MOXXHO OIHMCHIBATH B TEPMUHAX TaK HAa3bIBAEMBIX
($a30BOI MaTPHUIIBI U MATPHUIIBI SKCTUHKIIMHU, HIMEIOIIUX pa3MEpPHOCTh 4 X 4.

A MMEHHO, IeTeKTop 2 Ha puc. 1.8 pearupyer TOJBKO Ha pacCEsIHHBIN CBET, a
€ro MOJSPU3AIMOHHBIN OTCUET MOJHOCTBIO XapaKTePU3yeTcsl MPOU3BeIeHuEM (a30BOi

MaTpuibl Z u Bektopa CTOKca MaIatoneii BOJHBI:
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TTTTT

—

——

- [Hem;
Herexrop 1

—

Paccesnnas chepudeckas
BOJIHA

Hana}oma;l IIJIOCKas BOJIHA

Puc. 1.8. K onpenenennto MaTpHuIlbl SKCTUHKIMU U (Ha30BOi
MaTpHIIbIL.

CurHan2 = ASI“(-i™) = 25 ZG@*= a™)[*, A= %a™, (1.24)
r

rae AS — miomanas 9yBCTBUTEIBHOM MOBEPXHOCTH JIeTeKTopa. Takum o0pa3oM, MOXK-
HO CKa3aTh, 4TO (ha3oBasi MaTpulla peanusyeT TpancpopMmainuio mapamerpoB CTokca
najaronieil miIockoil BojHBI B mapaMeTpbl CTOKca paccesHHOW cepruecKol BOJIHBI.
OnemMeHTHI (Ha30BOM MATPUIIBI KIMEIOT PA3MEPHOCTH IUIONIAINA U SBIISIOTCS KBaJApaTUy-

HBIMH KOMOWHAIIUSIMH 3JICMEHTOB aMILIMUTYAHOM MaTpuIlel paccesHus S(n**,n")

[194]:

Zy, = $0S° + ISl + 1S, +1854), (1.25)
Zy, = 318" = 180" + 1S, = 1S21), (1.26)
Z,, = —Re(S,,S}, + $,,53), (1.27)
Z,, = —Im(S,,S}, — 5,53, (1.28)
Zy = 308, + 1S, = 1S, — 18), (1.29)
Zy = (S =1L = 1Su0° + 1S,:1), (1.30)
Z,, = —Re(S,Sf, — 55,5, (1.31)
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Z,, = —Im(S,,S;, + S,,S5), (1.32)
Z,, = —Re(S,,Si, + S,,S5), (1.33)
Z,, = —Re(S,,S;, — S,S0), (1.34)
Z,, = Re(S,,S5, + S,50), (1.35)
Z,, = Im(S, S5, + 5,50, (1.36)
Z, = —1Im(S,,S;, + S,,85), (1.37)
Z, = —Im(S,,S" — S,,85), (1.38)
Z., = Im(S,S, — 5,85, (1.39)
Z,, = Re(S,S — S,57). (1.40)

B otnuuwne ot nerekropa 2, nerekTop 1 HampaBiieH HaBCTpeuy MajaroliemMy cBe-

Ty, U €TI0 HOJI}IpI/ISaHI/IOHHLIﬁ OTCUCT COCTOUT H3:

® KOMIIOHEHTa, 00YCIOBJICHHOIO MaJIAl0IIUM CBETOM;
® KOMIIOHEHTa, 00YCIOBICHHOTO pACCEIHUEM CBETA MPSIMO BIIEPE;
® KOMIIOHEHTa, O0yCJIOBJIEHHOTO MHTep(depeHnel najaroliei BOIHbI C BOJTHOM,

paCCCSIHHOﬁ B HAIIPpABJICHUM IIPAMO BIICPCH:

Cuvrnan1 = J. dSl(rr)

AS
— AS'inc + A_‘fz(ﬁinc,ﬁim)linc _ K(ﬁinC)Iinc (141)
r
= ASI™ + O(r7) — K(O™)I™, (1.42)

rae O(r~°) — maTpuIa pasMepHOCTH 4X 4 ¢ a1eMeHTaMH, YOBIBAIOIMMHU Ha OeCKOHed-
HOCTH Kak 7~ [194]. TpeTuii KOMIIOHEHT, C TOYHOCTBIO JI0 3HAKA, TIPEJICTABIAET COOON
npousBeneHrue Matpuil dKcTUHKIMKA K u BekTopa CTOKca majarolield BOJIHBI.
DJIEMEHTBI MATPUIIbl SKCTUHKIIUU UMEIOT Pa3MEPHOCTD IUIOMIAAN U SBIISIOTCS JTUHEH-
HbIMU KOMOMHAITUSIMU 3JIEMEHTOB aMIUTUTYIHOW MaTpHUIIbl PacCCESHUS B HAPABICHUU

npsAMO BIIepen, T. €., S(A™, i) [194]:
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Kjf = i_n-:[m(Sll + S22)’ j=19'°-749 (143)
1
2
K, =Ky = - ~Im(S,, = 5,)), (1.44)
I
2
K; =K; = _7Im(512 +5,), (1.45)
1
2
K, = Ky = ——Re(S,, - S),), (1.46)
|
2
Ky =-K;, = k_Im(Szl - 5)), (1.47)
I
2w
Ky =-K, = _7R6(S12 + 5,0, (1.48)
1
2
Ky =-Ky = TRC(Szz = S (1.49)

1

®opmyet (1.41) u (1.42) npeacraBisitoT coboit 001Tyr0 (OpMy Tak Ha3bIBAEMOM
ONTUYECKOM TEOPEMBI, COINIACHO KOTOPOW MHTEp(EPEeHIns MaJaroie U paccesHHON
BOJIH SIBJISIETCS CYIIECTBEHHOHM TOJIBKO B HampaBlieHUH MpsiMo Broepen. K Takomy xe
BBIBOJIy MOXXHO MPHUITH, paccMaTpHBasi MPOCTPAHCTBEHHOE paclpeieseHIe MIIOTHOCTH
ANEKTpOMarHuTHOM 3Hepruu [156, 202]. UutepecHo, 0/1HaKO, YTO MAJAr0Iasi U pacce-
SHHasT BOJIHBI MHTEPPEpPUPYIOT M B HAMpPABIECHWU TOYHO HAa3aj, oOpasys CTOAYYIO
BoHY [156, 202]. Crosiune BOJIHBI HE MEPEHOCAT IHEPTUI0 HA PACCTOSHMS, IPEBbI-
[IAIOIIKE AJUHY BOJIHBI CBETA, U B 3TOM OTHOIICHHM MPEICTABIISIOT OTPaHUYEHHBIH
uHTepec. TeM He MeHee, TOOOMBITHBIM CIIEACTBHEM 00paTHOW MHTep(hEepeHIINH SBIIS-
€TCsl JOMOJHUTEIBHOE MOTJIOUIEHHE 3HEPIHH BAOJIb NPSIMOW JUHUH, COCIUHSIOMICH
UCTOYHUK HU3Iy4YeHHUs U OOBEKT, B TOM cCllyyae, KOTJa OKpYXarollas cpela UMeEeT
OTJIMYHYIO OT HYJISI MHUMYIO YacTh ITOKa3aress npenomienus [160].

Curyamus, uzoOpakeHHas Ha puc. 1.8, sBISETCS BO MHOTHUX OTHOIICHHSX
BOIUIOIICHWEM KOHIICTIIMU paccesiHus cBeTa. JleficTBUTENbHO, OHA HAIJIAIHO JAEMOH-
CTPUpPYET, YTO MPH OTCYTCTBHH OOBEKTa AETEKTOpP 2 HE PErHUCTPUPYET HUKAKOTO

CUTHAJIA, TOrJa KaK CUTHAJI, PETUCTPUPYEMBIN AETEKTOPOM |, MpOonopHrOHalieH BEKTO-
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py Crtokca magaromiero u3iaydeHus. B mpucyTcTBUM 00BEKTa OTCYETHI 00OMX JETEK-
TOPOB M3MEHs0TCA. OTCYeT JeTeKTopa 2 Tenepb MponopuuoHaieH BekTopy CTokca
PaCCEesTHHOTO M3JIy4YeHHs, TOT/Ia KaK MOJIIPU3ALMOHHbIN OTCUeT nerekropa 1 moaudu-
UpPYyeTCsl TBOSIKUM 00pa3oM. Bo-mepBbIX, MOJHas perucTpupyeMas HHTEHCHUBHOCTD
ocnabnsieTcsi B pe3yjbTaTe paccesHUsl TMaJarollero CBeTa OOBEKTOM BO BCEX
HAIpPaBJIEHUSAX M, BO3MOXHO, TpaHC(OpMALIUK 3JIEKTPOMArHUTHON 3HEPTUU B JIPYTHE
BUJBl DHEPrUM (HAmpHUMeEp, B TEIUIOBYIO) BHYTpH 0OBekTa. Bo-BTOpBIX, KO3(dU-
IUEHTHl OCJIa0yieHus Ui 4eTblpex napaMeTpoB CTOKca, PErHCTPUPYEMBIX JETEKTO-
pOM, MOTYT OBITh pa3HbIMH. OTOT 3(PQPEeKT TUNUYEH s OOBEKTOB, JHMIIEHHBIX
chepuvecKkol CUMMETpPUHU, W Has3biBaeTcs auxpousmoM [59, 194]. Takum obGpaszom,
TEOPETUYECKOE OINHMCAHHE AJIEKTPOMATHUTHOTO pAacCesHHUs CBOIAUTCS, IO CYTH, K
MPEJICKa3aHUI0 PA3HUIIBI MEXIY OTCUETaMH JAETEKTOPOB 1 U 2, CHATHIMU MPHU HATUYHH
00BEKTa U MPU €ro OTCYTCTBUH. I 3TOT0 JOCTaTOYHO 3HATH (Pa30BYI0 MATPHILY H
MaTpully 3KCTHHKIMH. [locrnemHue 3aBUCAT OT TaKMX XapaKTEPUCTUK OOBEKTa Kak
pa3Mmep, moka3aTeslb MPEJOMIICHUSI U OPUEHTAIMsI U MOTYT OBbITh JIETKO HAaWJEHbI U3
dbopmyn (1.25)~(1.40) u (1.43)—(1.49), ecnu aMIUIUTyAHAs MaTpPUIA PACCESTHUS
W3BECTHA.

bnwxnee none He sBiIsIeTCA, B 00IIEM cllydyae, MOMePEeYHON 3IEKTPOMAarHUTHON
BOJIHOM. [lo3TOMY, 4TOOBI TEOPETHUECKH ONMUCATH MOJSPU3ALMOHHBIE OTCUETHI «OJIHK-
HUX» JIETEKTOPOB, MOKa3aHHBIX Ha puc. 1.7, HE0OOXOAMMO BBECTH UHBIEC BEIHUUNHBI, YEM
napametpsl CTokca, ¢a3zoBas MaTpulla W MaTpulla SKCTUHKUMU. TeM He MeHee,
peasibHble HAOMIOJaeMble JOJDKHBI OBITH OMpPENENIeHbl TakKUM OOpa3oM, 4YTOOBI HX
MOJKHO OBLTO U3MEPATH MPU MOMOIIHM ONTHYECKUX HUHCTPYMEHTOB, PETUCTPUPYIOIIUX,
B KOHEYHOM HTOT€, MOTOK 3IEKTPOMArHUTHOM 3HEPruu. Mbl yBUAUM B MOCIEAYIOLINX
rJlaBax, KaKk 3TO OCYIIECTBISIETCS B paMKaX MHUKPO(PHU3NYECKUX TEOpUN MepeHoca H
c1a00M JIOKAJTM3ALIHH.

Jlerko moka3zate, uto (1.16) MpUBOAMT K CIEAYIOIIMM COOTHOILEHUSM B3aWM-

HOCTH 17151 (ha30BOM MaTpHIlhI [274] v MaTpuIlbl SKCTUHKIMH [ 194]:
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Z(-A™,—1*) = A [ZH™, A™)]'A,, (1.50)

K(-a"™) = A,[KG™)]'A,, (1.51)
rac

A, = diag[l, 1, -1, 1]. (1.52)

Jlnist paccesinus B oOpatHoM HampasiaeHuu (1.17) maer [194]
le(—ﬁ, ﬁ) - Zzz(_ﬁa ﬁ) + Z33(—ﬁ, ﬁ) o Z44(—ﬁ,ﬁ) = 0. (1-53)

HGpr,IIHO TAKKC BBIBCCTH CJIICAYIOIICC CBOMCTBO CUMMCTPpUU MATpULbl S3KCTUHKINHU

[194]:
K, (™) K,(™) K, (™) K, ({™) |
Kzl (ﬁmC) K22 (ﬁmC) K23 (ﬁmC) _ K24 (ﬁmC)
_ K31 (ﬁlnC) K32 (ﬁmC) K33 (ﬁlnC) K34 (ﬁlnC)
I K41 (ﬁlnC) _ K42 (ﬁm(:) K43 (ﬁlnC) K44 (ﬁlnC) |

K(-n"™) = (1.54)

1.6. OnTnyeckue ceyeHUusi 1 paIHALMOHHOE 1aBJICHHE

3HaHHE MOJIHOIO IOJISI B JAJbHEW 30HE MO3BOJISAET TAK)KE HANTH TaKHE BaXKHBIE
OIITUYECKNE XapaKTEPUCTUKU PACCEUBAIOLIET0 OOBEKTA, KaK IOJIHbIE CEUEHMs pacces-
HUS, TIOTJIOIIEHUSI M AKCTUHKIMU. OTU BEJIUYMHBI BBOJATCS CIEAYIOLUIMM 00pazoMm.
IIpoussenenue ceyeHus paccessHuss C, Ha MANAOMIMP MOHOXPOMATUYECKUU ITOTOK
SHEPIUH AAET MOJHYI0 MOIIHOCTb, U3bIMaEMYI0 OOBEKTOM U3 MaJAIOLIEro MO 3a CUET
paccesiHus JIEKTPOMAarHUTHOW DHEPIMM BO BCEX HANPABICHUAX. AHAJIOTMYHO, IPOU3-
BeJleHue cedyeHus normomenus C, . Ha NAaJaOUAA MOHOXPOMATHUYECKHHM IIOTOK
SHEPIUH JAET MOJHYI MOIIHOCTb, U3bIMaEMYI0 OOBEKTOM U3 IaJAIOLIEro MO 3a CUET
HOIJIOIEHHUST PHEPTUU BHYTpU OOBekTa. [IOHATHO, YTO MOIJIOLIEHHAs SHEpPrusi He
ucuesaer OeccllelHO, a MpeBpalnaercs B Apyrue ¢popmsl 3Heprud. HakoHnen, ceueHue

oKcTUHKUMU C,,  SABIAETCI CYMMOW CEUEHUMH paccesHus W IOIVIOILEHUSA, a €ro
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MPOU3BEACHUE HAa MAJAIONMA MOHOXPOMATUYECKUN MOTOK JHEPTrUU JAET IOJHYIO
MOIIIHOCTb, U3bIMAEMYI0 OOBEKTOM M3 MaJAIOIIEro MOJIs 3a CUeT CyMMapHoro 3ddexra
paccesiHUS ¥ TOTJIONICHUSI.

BoeipaxkeHust 11 ONTHUYECKUX CEYEHUH MOXKHO TMOJIYYUTh, OKPYXHUB OOBEKT
BooOpaxaemoi cdepoii S ¢ paauycoM 7 JOCTATOYHO OOJIBIIIUM, YTOOBI yIOBIETBOPUTH
ycaoBusiM (1.18)—(1.20). IlockonbKy OKpy»karomiasi cpefia mpearnoiaraeTcs Hemorjio-
A0, TO MOJHBIA MOTOK SHEPTHUH, BTEKAIONIEH B BooOpaxkaemyro cdepy, Bceraa

HCOTPUIATCJICH 1 PaBCH MOIIHOCTH SHCPIHH, HOFHOH_[aeMOﬁ 06T)eKTOM:
W = —¢ dS(S(r, 1)), ¥ = — rzj i (S(r, 1)), - T, (1.55)
S 4

rac
(S(r,1)), = FRe{E()x[H(ID)]'} = (S™(r,1)), + (S$(r,1)), + (S™(r, 1)),

— BekTop [loMHTHHTA, YCPEIHEHHBINA TI0 BPEMEHH, I' — €IUHUYHBIA BEKTOP B HaIpaB-
JICHUW BHEIIHWH HOPMald K MOBEPXHOCTU S, dI — 3JIeMEHTAapHBINH TEJICCHBIN YroJ

BOKPYT HarpaBJIeHus T,

(§™(r, 1)), = $Re{E™(r)x[H™(1)]'},
(§%(r, 1)), = FReAE™ (r) X [H*(r)]'},

($7(r, 1)), = FRAE™(r) x[H™*(r)]" + E*(r) x[H"™(r)]'}.

b.
W™ MOXHO 3amucaTh Kak CyMMY BKJIAJIOB 3a CHET MaJaloiero u3iny4eHus, ddhdekra

paccesiHus 1 3h(HeKTa SIKCTUHKITNHN:
Wabs — Winc _ Wsca + Wext’ (156)

rae

W = — 2 J' df (S™(r, 1)), - F, (1.57)
4
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W = p? j i (S*™(r, 1)), -, (1.58)
4

W ext

i J' di (S™(r, 1)), - F. (1.59)
4

W™ wucde3aet, MOCKOJIBKY OKPYKarollasi cpejia He morioraet suepruto u (S (r, 1)),
SIBJISICTCSL TTOCTOSIHHBIM BEKTOPOM, HE 3aBUCSIIMM OT I, TOTJa Kak W™ omuchiBaeT

MOJIHBIN MMOTOK PacCEesTHHOM YHEPTUH, BhITeKaroIIe u3 cepsl. Takum oOpazom,
Wext _ Wsca + Wabs (1 60)

B pesynpTaTe mpoCThIX, HO JAOBOJBHO T'POMO3AKUX NPEOOpa3oBaHUM C HCIIOJIb30BA-

HueM gopmyi (1.55)—(1.60) MoxHO MONMYUIHUTH cieaytomye ooue Beipaxenus [ 194]:

WeXt sca ;A inc incy *
Cou = e IM[E (™) - (Eg7) ], (1.61)
inc k |E0 |
|E0 i
C. = W j dF[E< (F) [ (1.62)

inc Emc|
1/ |E0 i '

Oty GopMyIIBI MOKHO TaK)K€ MEpEnucaTh B TEPMUHAX MATPHIIBI SKCTUHKINH U (a30-

BOW MATPHIIBI:

Cext — ]mc [K“(AmC)Imc + Klz('\mC)ch + K13(AlnC)Uinc+ K14(ﬁin0)VinC]’ (163)
7'2

C. =— I df I (rF)
ImC 4x

— ]mcj dr[le(A AmC)Iinc + le(f,,ﬁinC)Qinc

~ QA mc inc ~ A mc mc
+ Zy(5, 0 U™ + Z,(r, n)V ] (1.64)
Ceuenue [orjaomecHusA 4acTCA pa3HOCTBIO CEUYCHUM OKCTHUHKIUU U PaCCCAHUA:

~C._>0. (1.65)
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Tak Ha3pIBacMoOE aHBGGI[O OIHOKPATHOI'O pacCCCsaHusl OMPCACIIACTCA KaK OTHOIICHHUC

CCUYCHUM pacCcessHrA U DKCTUHKIHUU:

@ === <. (1.66)

OuyeBuaHO, YTO @ = 1 s HEMOIJIOUIAIOLIET0 0OBEKTA.

Bce onrtuueckue ceueHus: SBIAIOTCS BEUIECTBEHHBIMH U HEOTPULIATEIbHBIMU
BEJIMYMHAMH M HMMEIOT pa3MepHOCTh Iutomiaau. OHM 3aBUCAT OT HaIpaBJICHHUS,
NOJIAPU3ALMK W JUIMHBI BOJIHBI MAJAIOIIEro M3JIy4YeHHUs, a Takxke OT pa3Mmepa,
Mop(]osoruu, mokazaress MpeJIOMICHUS U OPUEHTAIIMU PACCEUBAIOLIETO O0BEKTA.

Baxxnbim ontudyeckuM 3QHeKToM, He OTHOCSIIMMCS] HEITOCPEICTBEHHO K OCHOB-
HOM TeMe ATOM JuccepTaluu, HO MNPEICTABISIONIMM CYIIECTBEHHBIH HHTEpEC IS
acTpo(U3UKU KOCMUYECKOU TblIK [279], siBNsieTcs paaualMoHHOe aaBieHue. Gopmy-
Ja, OINHKCHIBAIOIIASA CUJYy PaJUAllMOHHOTO JaBJICHUS HA CPEpUUECKH CUMMETPUYHYIO
qacTHIly, ObllIa ©3BECTHA CO BpeMEH 3HaMeHuTo# ctathu [ebas [52]. Onnako cTporuii
BbIBOJI (DOpPMYJIBI, KOTOpas MpUMEHUMA K JI000My HechepudeckoMy OOBEKTY, HaxXo-

JSIEMYCS B IPOM3BOJILHOM OpUEHTAIH, OBbLIT OMyOJMKOBaH JIUIIL HefaaBHo [151]:

F — %ﬁinc Im[Eica(ﬁinC)'E;nc*] _ %j df_f,|ETca(l';)|2
4

1

WM, B TEpMUHAX (pa30BOM MaTPUIbl U CEYEHUS] IKCTUHKIIIH,

F — lﬁincCeXtIinc _ lj‘ df'f'[zll(f',ﬁinc)]inc +le(f', ﬁinC)Qinc
C CJ 4z

+ ZB(f', ﬁinC)Uinc + ZM(f', ﬁinC)VinC]’

rae c=1/ \JE,4, — CKOPOCTb CBETa B OKpyXkarouiei cpene. BugHo, uro B oOumiem
cnydyae F 3aBHCUT OT COCTOSIHMS TOJIApHU3ALMU NAJa0IEero u3inydeHus. B Toil xe
paboTe AuccepTaHTa COJAEPKUTCS MEPBOE TEOPETHUUECKOE IMpPEACKa3aHUe paJuallMoH-

HOT'O JABJICHMS 32 CUET TEIJIOBOTO M3IYUYEHHUs AJIEKTPOMArHUTHON 3HEPrUU OPUEHTH-
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POBAHHBIM HEC(PEPUUIECKIM TEIIOM.

1.7. IIpaBuio MaciITA0OHON HHBAPUAHTHOCTH

@yH/1TaMEHTaJIbHBIM CBOMCTBOM 3JIEKTPOMAarHUTHOI'O PACCESIHUS SIBISIETCSl Tak
Ha3bIBAEMOE MPABUJIO MACIITAOHOW MHBAPUAHTHOCTH (TaKKe€ M3BECTHOE I10J HAa3BaHU-
€M MPUHIUIIA 3JIEKTPOMArHUTHOTO moa00us). OOmmil BBIBOA ATOTO MNpaBuia s
MIPOM3BOJIBLHOTO paccenBaromero o0bekTa ObUT BIEpBBIE JaH B HEAaBHEW paboTe

aucceptanta [157] ¥ OCHOBBIBaeTCS Ha BBEIECHUU CIEAYIOMUX Oe3pa3MepHbIX

BCIINYUH:
F=kr, (1.67)
G F) = (I +V@v)oPir=rj (1.68)
4Arlr — 1
V= lv, (1.69)
kl
T, ) = %f(r,r'), (1.70)
1
M(F) = m(r). 1.71)

Ucnonwiys (1.67)—(1.71), ypaBaenue Jlunnmana—IlIBunrepa (1.9) moxxHo nepenucathb

st 6e3pa3MEepHOro TUAHOTO OTepaTopa mepexoaa CIeAYonM 00pa3oM:

T, ) = [M*F) = 1]8(F — )] + [MA(F) - 1] I A&’ G, F7) - T, F),

I;'[NT

P, e Vi (1.72)

rae Mbl yuy, uto O(r) = b’5(br) mis moboro b, a «Oe3pazMepHbIi 00BEM» I7INT =
k> Vi TIONYYeH U3 PeabHOro 00beMa Vi, MOCPEICTBOM MaCIITaOUpOBAHHUS TIOCTIE-
Hero ko3dduiuentom k,. Pemenue (1.72) Mmeronom utepanuili Nokas3blBaeT, 4To O€3-
pa3MepHBIN THUaTHBIA OMepaTop Mepexoja 3aBHCUT OT Oe3pa3MepHOro oObeMa 0OheK-

Ta, a HC OT €0 pCaJIbHOT'O oO0beMa ¥ BOJTHOBOT'O YHCJIa I10 OTACIBHOCTH.
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Ha cnenyromeM stane BBOAUTCS Oe3pa3MEpHBbIA TEH30p PACCESHUS:

g(ﬁsca, ﬁin(:) — kl;i(ﬁsca’ ﬁlnC).

Torpa (1.12) npuHuMaeT clneayromui BUA;

s N 1 - ~ A —7 sAsca 2/
A 8™ = (7 =@ @ i), j ~ dFexp(—iR*-F)
V;

x j AT ) exp(R™-F) - (F — ™ @ ™).
W3 3TOrO OmATH CreayeT, 4YTo Oe3pa3MepHBI TEH30p paccesHUs 3aBUCUT OT Oe3pas-
MepHOro o0beMa O00BEKTa, a HE OT €ro peajbHOro o0beMa M BOJHOBOIO YMCIIA IO
otaenbHOCTH. OYeBHIHO, YTO TEM K€ CBOMCTBOM 00JafaeT u Oe3pa3MepHast aMILIH-
Ty/Hasi MATPULIA PACCeSHMUS, OnpeensiemMas Kak S(A*?, A™) = k S(h**, h™).

[IpaBuiio macmTabHON MHBApPUAHTHOCTU SIBIISIETCS HETIOCPEICTBEHHBIM CIIE/-
CTBHEM JTHUX pPE3yJbTaTOB M TJACHT CJIEAYIOIIee: €CIU yYMHOXHUTh BCE JIMHEHHBIC
pa3Mepbl pacCenBarOIeT0 00BEKTa Ha TTOCTOSTHHBIA MHOXKUTEINb f (HE U3MEHSSI, TAKUM
obOpazom, HU hopmy, HU MOPGOJIOTHIO OOBEKTA, HU €r0 OPUEHTALIUIO [0 OTHOIICHUIO K
1abopaTOPHOI CHCTEME KOOPIHMHAT) W YMHOXHUTH BOJIHOBOE umcio k, Ha 1/f, To
0e3pa3MepHBI TEH30p paccesiHus U O0e3pa3MepHasl aMIUTUTyAHAs MaTpUlla pacCestHus
He U3MEHsI0TCs. JpyrumMu ciioBamu, Oe3pa3MepHBI TEH30p paccestHus U Oe3pazmep-
Has aMIUIMTyJHas MaTpHIla pPacCesiHHs WHBApUAHTHBI MO OTHOIICHWIO K OIHOBpE-
MEHHOMY YMHO)XEHUIO BCEX JMHEWHBIX pa3MepoB OOBEKTA U JJIMHBI BOJIHBI CBETa A,
Ha OJMHAKOBbIA MHOXUTEND f (puc. 1.9). HeTpyaHo mokasarh, 4TO mpaBUiIO MaclliTao-
HOM MHBApPUAHTHOCTH MPUMEHUMO K 000N Oe3pa3sMepHOil XapaKTEpUCTUKE pacces-
HUs, Harpumep, K pakrtopaM 3PEeKTUBHOCTH, ONPEIEICHHBIM KaK OTHOIIEHHS COOT-
BETCTBYIOIINX ONTUYECKUX CEUCHUH K TUIOIIAIN TIOTIEPEYHOTO CEUEHUSI O0OBEKTA.

[IpaBuiio macmTabHON MHBAPMAHTHOCTH OKA3bIBAECTCS UCKIIOYUTEIHHO MOJIE3-
HBIM Ha MPaKTHKE, MOCKOJIbKY OHO JeNIaeT OJWH pacdyeT WA OJHO U3MEpPEHHE pacces-

HUS MPUMEHUMBIM KO BCEM IapaM {pa3Mmep, JAJMHA BOJHBI} C OAMHAKOBBIM OTHOLIE-
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\‘—f/11—>\

1 WHBapH-

[

). B wactHoCTH, MpaBMIIO MacmITabOHO

o

Puc. 1.9. IlpaBuiio macimtaOHON MHBAPUAHTHOCTH.
JIEHUSI HE MEHSETCS C JUIMHON BOJIHBI

HHUCM pa3MCpa K JJIMHC BOJIHbBI (pa3yMeeTc;1, IIpru yCJIOBHUH, YTO IIOKA34aTCJIb IIPCIIOM-

[

OBEKTOB B BHJIMMOM CIIEKTPAJTILHOM JHana3oHEe. JTOT METO.
, JOIYCKAIOIIMMH TMPOCTOE HM3TOTOBJIEHUE, C TOCICAYIONMEH KCTPAIOs-

(v

AHaJIOI'OBOIo ME€ToJa, UMCHOIICTO LCJIBIO Ha60paT0pHoe OIpCACJICHNUC PAaCCCHUBAIOIINX
CBOUCTB MHUKPOHHBIX O

AHTHOCTHU CIYXHUT TCOPCTHYCCKHUM 0a3ucoM TakK Ha3bIBAEMOIO MHUKPOBOJIHOBOT'O
OCHOBAaH Ha HM3MCPCHHU PACCCAHUA MHKPOBOJHOBOTO H3JIYUYCHHA CAHTHUMCETPOBBIMH

00BbEKTAMHU

OnacThb CIICKTpa IYTCM HCIIOJIB30BAHHA TOI'O KC OTHOIICHHA

OHed Ha BUAUMYIO O
pa3Mepa o0BeKTa K IJTMHE BOJHBI [76].

Kaxk YKE YKa3bIBaJIOCh, CTAHAAPTHOC IIPCAIIOJIOKCHHUC B TCOPHU JJICKTpOMaAr-

1.8. Paccessnue 00beKTOM, HAXOASIIIIAMCS B MOTJIONIAIONIEl cpejie

[

, B KOTOPBIX IIOIJIOIICHUC CBCTAa BOJOH

HBIM HPUMCPOM ABJFICTCA PACCCAHUC CBCTA MOPCKUMH TUAPO30JIAMHU B KpaCHOU U

HUTHOTO PACCESTHHSI COCTOMT B TOM, YTO OKpY’Karomias cpefa SBJSETCS HETOorIomna-
i o0macTax cmekTpa

fomieil. OJIHaKO BO MHOTHX CIIy4asiX 3TO MPEANOJ0KEHUE HEMPUMEHHMO. XapakTep-

OonmmxHEe MHPPaKpacHO

,285].

1 cpele BIUsAET HAa OCHOBHBIC
277

Takoit oOmuii aHamm3 OBLT HEJABHO TpojenaH B pabote muccepranta [160].

CTAHOBUTCSI BECbMa OIIYTUMBIM [22]. [To3TOMY mpeacTaBiseTcs] BaXKHBIM MpPOaHAIU-

3UpOBaTh, KAKUM 00pa30M IOIVIOIIEHUE B OKPY KAIOLIE
pe3yNbTaThl TEOPUU FNEKTPOMATHUTHOTO paccesHus 35, 49,
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KiroueBpiM (hakTOpOM 3TOTO aHanmu3a SIBISIETCA TO OOCTOSITENBCTBO, YTO (PU3UUECKH
pHeMIIEMOe pellleHre CcKaluspHoro ypasHenuss Iemsmromsuma (V2 + k) g(r,r”)
=—38(r—r’) ¢ KOMIUIEKCHBIM BOJIHOBBIM YHCIIOM k, = k| + ik] uWMeeT TOYHO TaKyro
K€ MaTeMaTudeckyro (opMy, Kak U PELIeHHE B ClIyyae BEIIECTBEHHOIO BOJIHOBOTO

yucha [238]:

exp(ik, Ir — ')

gr,r’) = ;
Azlr — 1’|

BcenenctBue atoro, Bua ypaBuenuit (1.6)—(1.9) ocraercs Hen3sMeHHBIM, XOTsI TIOTJIOIIE-
HUE B Cpe/Ie BIMSET HAa CaMO PEIIEHUE dTUX YpPaBHEHUH uepe3 MOAuBUIIUPOBAHHBIHN
OTHOCHUTEJIBHBIM TOKa3aTellb MPEIOMJICHHUSI U HEHYJIEBYI0 MHUMYIO 4acTh BOJHOBOTO
yucia. OnpenesaeHus: TeH30pa PACCESTHUS U aMIUTUTYTHOM MaTPHUIbl PACCesTHUS TaKxKe
OCTaIOTCSl MAaTEMATHUYECKH HEU3MEHHBIMH, XOTS YHMCICHHBIC 3HAUYCHUSI ITUX BEITUYHH
MOTYT MEHSTHCS B 3aBUCHMOCTH OT BEJIMYMHBI MOTJIOMICHUS B OKPYKAIOIIEH cpeie.

CymiecTBeHHBIE U3MEHEHHUSI B caMUX (hOpMyJiaX HAYMHAIOTCS HA dTare OIuca-
HUS peasibHBIX u3Mepenuit. Hanpumep, hopmysi (1.24) u (1.41) npuobperarotr UHTYH-
TUBHO OKHJa€MBbIN BHU]I

. exp(—2k]r)
CurHan2 = ASI*(rn™) = AS————Z

~sca  Ainch jinc
(m*,n")I",

exp(—2k.r) .

CurHan1 = ASexp(-2k/r)I™ + AS 5 (A", A" )"
r

— exp(—2k"r) K@) 1™,

rae 1™ — Bexrop CTOKCa MaJaoIEro M3IydeHHus B Hayajle KOOPAMHAT, TAaKMM 0bOpa-
30M, SIBHO YYMTBHIBAsi HKCIMOHEHIMAIbHOE OCIA0JIEHUE CBETAa MO MEpPEe MPOXOKIACHUS
yepe3 NorIonaniyio cpeay. @opmynsl a1 37eMEeHTOB (a30BOM MaTPHULIBI OCTAIOTCS
NPEKHUMU, TOrAa Kak (OPMYJIBI Ui 3JIEMEHTOB MATPHUIBl SKCTHHKIIUN OTIUYAIOTCS
or (1.43)—(1.49) 3amenoii k, Ha k7. XOTs CceueHHE DKCTUHKIUH BCE €IIE MOXKHO

OTIPENIEINTh B COOTBETCTBUU ¢ (opmynon (1.63), KOHIENIUS CEUEHUS PACCESTHUS
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TEpSIET BCAKUN CMBICII.

1.9. OcHoBHBIE pe3yabTaThI

OCHOBHOMH 1IENBIO0 ATOU TJIaBbl OBLJIO JaTh YETKYIO MOCTAHOBKY M MaKCHUMAJIbHO
oOImMii aHau3 3a7aud 3JEKTPOMArHUTHOTO PACCESIHUSI IPOU3BOIBHBIM MAaKPOCKOMH-
YeCKUM OOBEKTOM M HaMETHUTh IyTH €€ PEIICHHs B MOCEeIyIOMUX Ii1aBax. XOTs riaBa
HOCHUT BBOJIHBIM XapakTep U COAEPKUT Psii U3BECTHBIX (DAKTOB U BBIBOJOB, HECKOJIBKO
(byHIaMEHTAIbHBIX PE3yJIbTAaTOB SIBISIOTCS OpurMHanbHbIMU. K Hambonee cymiect-

BCHHBIM U3 HUX OTHOCATCA CJIICAYIOIIUC!

1. BeBox ycrnoBuil NPUMEHUMOCTH TPHUONIKEHUS JalbHEH 30HBI M aHANU3 HUX
¢dbusugeckoro cmpicaa [155].

2. OOmmui aHaaM3 ONTHYECKON TeopeMbl U 3¢ dekTa UHTepPEpeHIInU MaJaroed 1
paccessHHOM BOJIH B HampaBieHUH TOYHO Hazan [ 160, 202].

3. Crporuii BeIBOJ (YOPMYJIBI AJIsi CHUIIBI PAIMAIIMOHHOTO JaBJICHUS Ha IPOU3BOJILHOE
HechepuyecKoe Teso, HaxoIsieecsl B POU3BOIbHON OPHUEHTALMU, U TEOPETHYEC-
KO€ IMpEACKa3aHHe paJualMOHHOIO JABJICHHS 32 CYET TEIUIOBOTO H3JyYEHHUS
AIIEKTPOMArHUTHOW SHEPTUU OPUEHTUPOBAHHBIM Heceprudeckum tenom [151].

4. OOmuit BEIBOJ M aHAJTU3 IPaBHUiia MacITaOHON MHBapuanTHocTH [157].

5. PazpaboTtka o011eil TeOpUH IEKTPOMATHUTHOTO PACCESTHUS 0OBEKTOM, MOTPYKEH-

HBIM B MOMJIOMIAIIY0 cpeay [160].

BrIien3no)xeHHbli TeopeTuueckuil (popmManu3M OCHOBAH Ha pacyeTe 3JIEKTPO-
MAarHATHOTO TIOJII IYTEM SIBHOTO PEIIEHUS MOHOXPOMATHYECKHMX ypaBHEHMU Mak-
CBeJUIa U, TAKUM 00pa30oM, HOJpa3yMeBaeT CTAllMOHAPHOCTh PACCEUBAIOIIEIO OOBEKTA.
[TockonbKy NOJABIAONIEE OOJIBIIMHCTBO PEAIBHBIX PAaCCEUBATENEH MEHSIOTCS BO
BPEMEHH, B CJIEAyIOUIeH riaBe Mbl OOCYyAMM, KaK MOXHO paclpOCTPaHUTh 3TOT
dbopManu3M Ha HECTallMOHApHbIE, MOP(OIOTMUECKU CIIOKHBIE OOBEKTHI B BHJE CITy-

YailHBIX OOJIBIIMX IPYIIIT YaCTHII.
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I'/TABA 2

MHOI'OKPATHOE PACCESIHUME U OPI'OJINUYHOCTb

dopmanusm, U3T0KEHHBIN B IEPBOU TJIaBe, ABISETCS OOLUIUM, U IPUMEHUM KaK
K paccewBaronieMy oOBEKTy B BUJE €IWHOTO T€OMETPUUYECKH CBSA3HOTO TEla, TaK U K
00BEKTY, COCTOSIIIIEMY M3 HECKOJIBKHX OTIENbHBIX Ted. bojee Toro, MHOTHE CyIIecTBy-
IOIME METOJbl pEelIeHUs] ypaBHEHUH MakcBeila Takke NPUMEHHMbI K OOBEKTaM C
MPOU3BOJIBHON MOpGoIoTueld. DTH METObI OCHOBAHBI HA PACCMOTPEHUN O00BEKTa KaK
€MHOr0 pacceuBaTelid U JAaroT MOJHOE PAacCEesHHOE IoJie B 000 TOYKE MPOCTpaH-
CTBA.

OnHako, eciii paccenBaIOIIMN O0BEKT MPEACTABISIET COO0M TPyNIy U3 HECKOJb-
KUX YacTWIl, KaK, HampuMep, OOJIaKo BOJHBIX Kaleb, TO 3a4acTyl0 OKa3bIBACTCS
yA0OHBIM TPEJCTaBUTH IMOJIHOE PACCESIHHOE MOJI€ B BHUIE BEKTOPHOM CYNMEpPHO3UINH
IIOJIEN, PACCESHHBIX OTACIBHBIMM YaCTULAMHM, M BBECTH, TEM CAMBIM, KOHLEIILIUIO
MHOTOKPaTHOT'O pacCesHHs. DTO MOXKHO clieJaTh B pamMKax (opMaian3Ma ypaBHEHHIA
®onnu—Jlakca, uTo U OyJeT OCHOBHOW TeMOUl AaHHOUM IMaBbl. MBI Takxke oOcyaum
byHIaMeHTalIbHOE MOHSATHE 3PTOAMYHOCTU CIy4YalHOro aHcamOJsl YacTHIl U MPOWJ-
JIOCTPUPYEM €r0 Ha MpUMEpPE NPUOIMKEHHUS] OTHOKPATHOTO paccessHus. DTO MO3BOJIAT
HaM BBECTH PsiJ] XapaKTEPUCTHUK CBETOPACCESIHUSA, UTPAIOIINX BaXKHYIO POJIb B TEOPHUAX

nepeHoca U3JIy4eHUs U ClIabo JOKaTu3aluu.

2.1. YpaBHenus ®oaaun—Jlakca
PaccmoTpum (ukcupoBanHyro rpytiny, cocTosmtyto u3 N gactull (cM. puc. 1.1),

H 3alIMIICM ITOJITHOC JJICKTPHUYICCKOC ITIOJIC B TOYKC I' B CJICAYIOIICM BHUAC!

E(r) = E™(r) + Zcha(r), re % 2.1)

i=1

rae EX(r) — wactuuHoe mone, paccestHHOe i-ii yactuiei. YacTuuHble paccesHHbIC
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IIOJIS1 MOKHO HAWTH, PEIIMB BEKTOPHBIE TaK HasbiBacMmble ypaBHeHUs Domnu—Jlakca,
KOTOPBIC CIAEAYIOT HEMOCPEACTBEHHO U3 0OBEMHOIO MHTErPabHOTO ypaBHeHus (1.6) u
aBisitorest TouHbiMu [14, 30, 202, 263]. A UMEHHO, i-€ YaCTUYHOE PACCESHHOE I0JIe
naetcst popMysIon

E<(r) = j dr’G(r,r’) - I dr’T7.(¢',x”)-E.(r"), (2.2)

v

i

B KOTOpoll V, — oObem, 3aHATBIM i-il 4vactuuei, a E, — snexrpuueckoe moie,

«BO30yXJaromiee» i-10 gactuiy. N TeH30poB 7, MOXHO HaWTH, pelas I0cCienoBa-

TEJIHO cienyrouee ypasHenue Jlunnmana—IlIsunrepa:

T(r,x") = ki[m’(r)—-1]8(r —r)] + kf[mf(r)—uj dr’G(r,v")-T.(x", 1)),
v,
r,r'eV,. (2.3)

-~

Cpasnenue (2.3) c¢ (1.9) nokaseiBaer, uto 7, [UId KaXKIOro I SIBISIETCA IO CYTH
JMATHBIM OIEepaTOpPOM Tepexojia i-il YacTHUIBl MO OTHOIIEHWIO K (DUKCHPOBAHHOMU
71a00paTOPHON CHUCTEME KOOPJMHAT, ONPEJCICHHBIM IMPU OTCYTCTBHUU BCEX HAPYTHX
yactull. Takum o6pa3zoM, N JuagHBIX ONEPATOPOB IMepexoja SBISIOTCS COBEPILICHHO
HezaBucUMbIMHM. OnHako «Bo3Oyxnaromme» nonsd E, 3aBuciar npyr or apyra u
JOJDKHBI OBITh HAWACHBI U3 CIEAYIONMICH cUcCTeMbl N 3aleIUISIOMUXCS JTMHEMHBIX

MHTETPAIbHBIX YPaBHEHUI:

N
E(r) = E™(r) + Z I dr’ G(r, r')-j dr"f].(r', r’)-E (r"),
j=1%"7 i

reV, i=1..,N. (2.4)

Boob6mie rosops, ypaBuenus ®onnu—Jlakca (2.1)—(2.4) skBUBaJICHTHBI ypaBHE-
HUAM (1.6)—(1.9). Onnako, ToT (hakt, uro 7, A KaXKAOTO i ABISETCA WHAUBUIYallb-
HBIM CBOMCTBOM i-i YaCTHUIIbI, OMPEACIICHHBIM KaK €CJIM Obl 9Ta YacTuila Obljia B OJU-

HOYCCTBC, IIO3BOJISICT BBCCTH ITIOHATHC MHOT'OKPATHOT'O PAaCCCAHUA. 910 6y,[[eT CACJIaHO
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B CIIEAYIOIIEM pa3Jere.

2.2. Yro Takoe MHOTOKpaTHOe paccesiHue?

Ilepernmem ypaBHenuss Qonnn—Jlakca B cienyromei KOMIIAKTHOM OIepaTop-

HO (popme:
N A
E=E™ ZGT, p (2.5)
. N ~
E=E™+ Y GILE, (2.6)
j(#i) =1
rJIe
(A}YA}E]. = Iydr'é(r, r')-IVdr”ﬁ(r', r’)-E (r"). (2.7)

J

Utepupys (2.5), nonydaem:

N N N
E =E™+ Y GLE™+ Y GLGLE™+ GT GT,GT,E™ + -+, (2.8)
J(i)=1 j(#i

=1 ji)=1
=1 I(#j)=1
m(#l)=1

TOI/Ia KaK mojictaHoBka (2.8) B (2.6) naeT BbIpaXK€HHUE, KOTOPOE MOKHO MUHTEPIPETH-

pPOBaTh KaK pa3JIOAKEHUE MMOJTHOTO PACCEIHHOTO MOJISI 0 KPAaTHOCTSIM paccesiHus [162]:

E = E™ + E*, (2.9)
Esca — 2 GY';EIHC + 2 GY:.GT—'].EmC + Z GY’;GY'VJGY'}EIHC + - (2.10)
- je =1 Jrons
I(#])

JIEHCTBUTENBHO, AUAJHBIE ONEPATOPBI MEPEXOJA HE3AaBUCUMBI IPYT OT APYyra M Kax-
JBbIA U3 HUX MOXKET ObITh MHTEPIPETUPOBAH KAaK UHIMBUIyaIbHBIA U MOJIHBIN 3JIEKTPO-

MarHuTHBIN HIeHTH(UKATOp cOOTBeTCTBYIOIEH yacTuubl. [loatomy GTE™ MoxHO
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paccMaTpHBaTh KaK 4aCTUYHOE PACCESHHOE M0JIe, CO3AaBAaeMO€e i-il YacTULEH B OTBET
Ha BO30Y’KJIEHUE TOJIBKO CO CTOPOHBI MaJAI0IIEro MoJs, GAYA“IGA]A}E " _ KaK 4aCTHYHOE
MoJIe, CO3/1aBAEMOE TOW JK€ YacTULEW B OTBET Ha BO30YKIEHUE CO CTOPOHBI j-i
YaCTHUIIbI, KOTOpasi, B CBOIO OUepe/ib, pearupyer Ha BO30y>KJECHHE CO CTOPOHBI Majaro-
niero nosst, ¥ T. A. Takum oOpa3om, mepBblii wieH B npaBod yacTv (2.10) mMoxkHO
MHTEPIPETUPOBATh KaK CyMMY BCEX OJHOKPATHO PACCESHHBIX YAaCTUYHBIX IOJIEH,
BTOPOM WIEH ONUCBHIBAET CYMMApHBIN BKJIAJ BCEX YACTUYHBIX IOJIEH, PACCESHHBIX
OBaXxAbl, U T. A. [lepBblil wieH B paBoi yacTu (2.9) npeacTaBisieT HEPACCEsIHHOE, T. €.
najatoniee nosue. Tolbko yTo onucaHHas uHtepnperanus (2.9) u (2.10) B TepmuHax

MOPSIIKOB pacCessHus MOosICHeHa rpadudecku Ha puc. 2.1.

or l_ /

) '

EinC Einc
e

(a)

oI

/ oI’

l' > Einc l/
\ \‘\\

Emc l/ /j Jj

(@ ©

Puc. 2.1. (a) Hepaccesnnoe (magatoiee) mone. (b) Omgno-
KpaTtHoe paccesHue. (¢) [IBykpatHoe paccesame. (d), (e)
TpexkparHoe paccesHue.

Ms1 Bckope yoenumcsi, uto popmyisl (2.9) u (2.10) sSBASIOTCS OYEHb IJI0JI0-
TBOPHBIM CIIOCOOOM 3amMCH UCXOJHBIX ypaBHeHUN @onau—Jlakca, U 4TO HCHOIb-
30BaHHE TEPMHUHOJIOTMM MHOTOKPATHOTO PAacCEsTHUS SIBISETCS YJOOHBIM M KOMITaK-
THBIM CIIOCOOOM WILTIOCTPAIIMU PA3JIMYHBIX ciencTBuil ypaBHeHuil ®onnu—Jlakca.
BaxHo, ogHaKO, MOHUMATH, YTO MIOMUMO CBOEH ITOJIE3HOCTU KaK CPEICTBA MHTEPIIPE-

Taluk W HWIUIIOCTPAlWK KOHICIIIKUA MHOI'OKPATHOI'O pacCcCCiHUs HC COOTBCTCTBYCT



58

peaibHOMY (PU3UYECKOMY MPOIECCY B paMKaX MOHOXPOMATHYECKOTO MPEACTAaBICHUS
anekTponuHamuku. Hampumep, cmaraemoe CAHA;GA]A’]GAYA}E‘“C B mpaBoil yactu (2.10) He
MOXXET OBITh HMHTEPIPETHPOBAHO KAK OMUCHIBAIOLIEE CIEAYIOLLYIO IOCJIEI0BaTENb-
HOCTb COOBITHI: MaJarolIMil JIyd CBETa (WM «CTYCTOK 3JIEKTPOMArHUTHOM SHEPrUm»,
Wi «POTOH») CHaYalla MOAJIETaeT K /-1 YacTHIIe; 3aTeM MPETEPIEeBACT aKT PACCESIHUS HA
[-i1 yacTuile B HANpaBJICHUM j-A YACTHUIIBL, 3aTE€M TMOJJIETAeT K j- 4YacTHIlE;, 3aTeM
IIPETEPIIEBAET AKT PACCESHUSI HA j- YacTHIIE B HAINPABICHUU I-d YACTHILIBI; 3aTeM
MOJIETAET K - 4YaCTULE; 3aTeM IIPETEpPIICBACT aKT pacCesiHUs Ha [-M 4YacTulEe B
HalpaBlICHUH TOYKU HAONIOJCHUS; W, HAKOHEN, MPHOBIBACT B TOUYKY HAOIIOJCHUS.
JleiicTBUTENBbHO, KakK cleayeT u3 (2.4), BCe B3aMMHBIC JICKTPOMArHUTHBIC BO30YKICHUS
OJTHOWM YacTUIbl JPYrod MPOMCXOIAT OJHOBPEMEHHO M HE SBISIOTCS JUCKPETHBIMHU U
YIOPAIOYCHHBIMU COOBITHSIMUA. UUCTO MaTEMAaTUUECKUI XapaKTep WHTEPIPETALIUH YPaB-
HeHus (2.10) B TepMUHAX MHOTOKPATHOTO PacCesHUs CTAHOBUTCSI OCOOCHHO OYEBU/THBIM,
€CIIM MPHUHATH BO BHHMAaHME, YTO ATO YpaBHEHHE SBISETCS OOIIMM M MPUMEHUMO HE
TOJIKO K TPYIIE OTJAENIBHBIX YaCTHUL], HO U K €IUHOMY I'€OMETPUUYECKU CBSI3HOMY TEIly,
MBICJIEHHO pa30UTOMy Ha N IPOU3BOJIBHBIX HETNIEPECEKAIOIUXCA YacTen V..

YA00HO TMpeAcTaBIATh PA3JI0KEHHE IMOJHOTO JIIEKTPUYECKOrO TMOJS IO
KpaTtHOCTSIM paccessHust (2.9)—(2.10) npu nmomomm auarpamm. Ha puc. 2.2 crpenka
0003HaYaeT Majaroiiee mnoje, CAMBOJI —e 0003HAYAET «YMHOXKEHHE» AIIEKTPUIECKOTO

noyist Ha TeH3op GT1 B cOOTBETCTBHM C (2.7), a IITPUXOBAsl JIUHUSA O3HAYAET, YTO 00a

E(r) = <—+Z—o<—+zz — 0+ >N —o—0o 0«

~
N
N
\

IEYY —deeee 1 TT 6 e
4+ eeoe

Puc. 2.2. Jluarpammuoe nipeacrtasiienue ¢popmyd (2.9) u (2.10).
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LICHTPa paccestHus SBIIIOTCS OJHOM M TOM ke 4dacThuueu. [Tk nepBbIX cliaraembiX B
NpaBod YacTh AWarpaMMHON (OpMyIJIbI Ha pHUC. 2.2 OMUCHIBAIOT, COOTBETCTBEHHO,

CyMMAapHbI€ BKJIaJIbl IIITH CLICHAPUEB, TOKAa3aHHBIX Ha puc. 2.1.

2.3. YpasHenus ®osau—Jlakca 1js1 pa3spesKeHHbIX TUCIIEPCHBIX Cpel

Me1 yxke Busienu B riase 1, uto Beneactsue (1.8) u (1.10) moBenenue paccesH-
HOTO TOJISI CYILIECTBEHHO YIIPOIIAETCS B JallbHEM 30HE PacCEeUBAIOIIETO OOBEKTA.
[TockonbKy cTpyKTypa ypaBHeHui (2.2) u (2.4) momobHa cTpykType ypaBHeHus (1.8),
TO MOXHO OXHAAaTh AHAJOTMYHOIO yrpoumeHus ypaBHeHun @onnn—Jlakca, ecnu

cacaTh CICAYIOIIUC ITPCATIOJIOKCHNA!

o N qacTul, BXOAAIINUX B I'PYIITY, PACIIOJIOKCHBI HACTOJBKO JAJICKO APYT OT JAPY-
ra, 4To KaXXjaas 4aCcThuia HaXOAUTCA B JAJIbHHUX 30HAX BCCX OCTAJIBHBIX YaCTHII,
® TOYKa Ha6JHOI[eHI/I$I TaKOKC HAaXOAHUTCA B JAJIbHHUX 30HAX BCCX YaCTHII, 06pa3y—

IOIIMX TPYIILY.

JleiicTBUTENBHO, BKJIAJ j-i YacTHUIIBI B TI0JI€, BO30YKIAIOIIee i-10 YaCTUILy B YpaBHECHUH
(2.4) Temepp MOXET OBITH MPEACTABICH pacxXojsiencs cPeprudecKkoil BOJHOW C
LEHTPOM BHYTPH j-i yacTuipl. Pannyc KpUBU3HBI ATOW YaCTUYHOW BOJIHBI BOJHU3U i-i
YaCTULBl 3HAYWUTENIBHO IIPEBBIIAET pa3Mep I-U YacTUIlbl, TaK YTO BOJHY MOKHO
CUMUTATh JOKAIbHO TIJIOCKOM. PaccesHue 3TOM YaCTMYHOM BOJIHBI MO>KHO, TaKHUM
o0pa3oM, OMHUCHIBATh B TEPMUHAX COOTBETCTBYIOIIETO TEH30pa PacCesHUs ;11. corjac-
HO popmyre (1.11). B pe3ynbTare cuctema WHTErpanbHbIX ypaBHeHu Ponan—Jlakca
IpeBpallaeTcs B CUCTEMY JIMHEWHBIX anredpandeckux ypasHenuit [14, 30, 202].
JIeWCTBUTENIBHO, TMpEAINoJaras, 4YTo MaJarollee I0Je SBJISAETCS IUIOCKOM

AIIEKTPOMArHUTHON BOJHOM, PAcIpOCTPAHSIONICHCS B HANPaBICHUH N"°, MBI UMeeM

JJIA ITIOJIHOI'O ITIOJIA B TOYKE I, pacnonomeHHoﬁ B JaJIbHUX 30HaX BCCX YAaCTHIIL:

N N N
E(r) = E™@) + Y G(r)AE, 01™) - E™R)+ Y G(r) AGFE,R)-E ,
i (AN i i (AN ij ij

i=1 i=1 Jji) =1

2.11)
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rne G(r) = exp(ik,r) / ¥, ¥, — PacCTOSHUE MEXJY LEHTPOM I-i 4YaCTULBI U TOYKOH

HaOMIONICHNS, T, — AMHUYHBINA BEKTOP, HAIIPABJICHHBIN OT IEHTPA i-i YaCTHIIBI K TOUYKE

A

HaOmonenus, R, — paguyc-BekTop ueHrtpa i-ii yactuusl, R,

y

— ©JIMHUYHBIN BEKTOP,

HaIpPaBJIECHHBII OT LUEHTpaA j-i 4acTULIBl K LEHTPY i-d yacTULbl (puc. 2.3). YpaBHEHHUE

Touka
HaOII0IEHUS

Puc. 2.3. PaccesHue i-ii yacTuueil B OTBET Ha BO30YXACHUE j-U
YaCTULIEH.

(2.11) moka3bIBaeT, 4TO MOJIHOE MOJIe B MPOU3BOIBLHON TOYKE, pACONIOKEHHOMN J10CTa-
TOYHO JaJIeKO OT JIF00ON YaCTHIlbI, SBISETCS CYNEpPIO3UIMEH Majaromiei IITOCKON
BOJIHBI U N pacxoasiimuxcsi chepruyecKuxX BOJIH, CO3aHHBIX N YacTUIIaMU. AMIUTUTY IbI
BO30yKIeHUs ONHOM wactulpbl Japyrod E; Haxomdrca u3 ciexyromield CHCTEMBI

N(N —1) nuHEeNHBIX anreOpandyecKux ypaBHEHUMN:

N
E[j = G(RU)A](RW ﬁmc) ' Emc(Rj) + G(Rtj) z AJ(RU’ Rﬂ) ’ Eﬂ’
I(%j)=1

i, j=1..,N, j#i, (2.12)

rie R; — pacCTosHUE MEXy IEHTPAMU j-U U [-i YaCTHIL.

DTa cucTeMa HaMHOT'O Impome I/ICXO,Z[HOﬁ CHCTCMbI ypaBHeHI/Iﬁ q)OJII[I/I—.HaKca hB
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MPUHLMUIIE MOXET OBbITh perieHa Ha DBM npH yciioBUH, 4TO KOJIUYECTBO YaCTULl N HE
CJIMILIKOM BEJNMKO. BrIparkeHne Uit pa3ioKeHus MOJHOIO MOJISI IO KPAaTHOCTSIM pacce-

STHUS TAK)KE€ HAMHOTO YIPOIIAETCS:

i=1 i=1 j(=i)=1
N N N _ ~ 0
+ 2 2 Z rij Byl B]lO E}nc
i=1 j)=11zj)=1
N N N N
" 2 Z Z 2 BBy By, By E,S + e, (2.13)
i=1 j(i)=11#j)=1m(zl)=1
rac
E = E(r), E™ = E™(r), E™ = E™(R)), (2.14)
B0 = G(r) A(E, ™), (2.15)
= G(n) A(F, R,), (2.16)
By, = G(R) A(R,, ™), (2.17)

3aMedaTesIbHON 0COOCHHOCTBIO BBIIICITPUBCACHHBIX (bOpMYJI ABJICTCA TO, 4YTO
TCIICPb POJIb HHANBUAYAJIIBHOT'O SJICKTPOMATHUTHOT O I/I,Z[GHTI/I(bI/IKaTopa Ka}K,HOﬁ qaCTHu-
bl IICPCIjIa K COOTBCTCTBYIOIICMY TCH30PY pAaCCCAHUA, T. €. K TOM K€ BCJINMYHNHC, YTO
OIHCKIBAJIA OBI pacCesaHuc qaCTHHCﬁ, eclii OBl IOCJICOHAA Obl1a B OAMHOYCCTBC, a4 HC
YJICHOM I'PVIIIIBI. Xots ,Z[PI&,IIHBIﬁ o1IcpaTop mnepexoaa ABJIACTCA CaMbIM O6HII/IM CBCTO-
pacCeuBarOmInM CBOMCTBOM qaCTHUIbI, TCH30p paCCCAHUA (I/IJ'II/I, qTo, 110 CYTH, 5KBUBA-
JICHTHO, aMILIUTYyJHAasd MaTpulia paCCGSIHI/IfI) TaK 9aCTO HMCITIOJIB30BAJICA HJIA OIIMCAHHI
pacCesIHuA B ,HaHBHCﬁ 30HC, 9YTO CTAJI HNPAKTHYCCKU CUHOHUMOM KOHUICIIIHUH 3JICKTPO-
MAaroiuTHOI'O pacCCCsiaHUA. Ha HepBBII‘/’I B3TJIs1 OTO 00CTOSATEILCTBO npuaacT HCKYIO

3aKOHHOCTb MHTeprpeTanuu ¢opmyisl (2.13) B TepMHHAX KpaTHOCTEH paccesHus.
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Cnenyet, 0JHaKo, MOMHUTb, YTO (2.13) siBigeTCS JUIb NPUOIMKEHHBIM BapUAHTOM
ctporux ¢opmyn (2.9) u (2.10) u He aeraeT MHOTOKPATHOE PAaCCESHHE pPeaJbHbIM
(bu3nYECKUM TPOIIECCOM.

HuarpammHas QopMyiia, NpUBEAEHHAs Ha pUC. 2.2, B PaBHOW CTENEHH Mpe.-
craBisieT Gopmyny (2.13) mpu yciioBuu, 94TO TENeph CUMBOJ —e 0003HAYAET YMHO-

g

YKEHHE TIOJIS CJIEBA HA TEH30p B.

2.4. JproauvHoOCTH

[lo cymiecTBy Bech aHaJIU3 3JIEKTPOMATHUTHOTO PACCESHUS B MPEIbIIYLIINX pa3-
nesnax ObUl OCHOBAH Ha MPEIIOJIOKEHUH, YTO PACCEUBAIOIIUN OOBEKT HE MEHSETCS BO
BPEMEHU U OCTAETCSI HEMOJBHKHBIM IO OTHOILEHHIO K Ja0OpaTOpPHOI cHUCTEME KOOp-
auHaT. OgHAKO OYEHb YacTO MPUXOIUTCS UMETh JEJI0 ¢ 0OBEKTaMU B BUJIE TPYIIIIHI U3
0O0JBIIOTO KOJUYECTBA YACTHUIl, B KOTOPOI YaCTHIIBI MPOU3BOJILHO BPAIIAIOTCS U JBH-
KYTCs 10 OTHOLLEHUIO JIPYT K Jpyry. Jlaxe pasmep u popMa 4aCTHUI] MOTYT OCTOSTHHO
MEHSTBCS BCJIECTBUE MPOIIECCOB MCTIAPEHUs, CyOIMMaluy, KOHICHCAIIUHN WITN TastHUSL.
TUNUYHBIMU IPUMEPAMU TAKUX «CTOXACTHYECKUX) PACCEUBAOIINX OOBEKTOB SBIISIFOT-
cst atMoc(epHbIe 00JIaKka, COCTOSIIIIME U3 BOAHBIX Karelb W/WIN JIEASHBIX KPUCTAIJIOB,
Y pa3lInyHble aucnepcHble B3Becu. DU3NUECKUEe U XUMUYECKUE MPOLECCHI, KOHTPOJIU-
PYIOIIE BPEMEHHYIO SBOJIIOIMIO TAKUX 0OBEKTOB, MOTYT OBITh HCKIIOYUTEIHHO CIIOXK-
HBIMH 1 B3aMO3aBUCUMBIMH.

XoTsi chaydaiiHas TpPYIIa MOXET OBITh OINKCaHa B TPOW3BOJBHBIH MOMEHT
BpEMEHH B TEpMHUHAX crHenuduueckoil (UKCUPOBAHHONW KOH(QUTYpaIlMH YacTHIl,
ar000e u3MepeHue TpedyeT KOHEUHOro MPOMEKYTKa BPEMEHM, B T€UEHHE KOTOPOTO
rpynmna MpoXOAUT yepe3 OECKOHEUHYIO IOCJIEN0BATEIbHOCTD 3BONIOIHMOHUPYIOLINX
(dbuKcHpOBaHHBIX KOH(UTypanuii. B HEKOTOPBIX Cilydasx pe3ylbTaT U3MEPEHHS] MOXKET
OBITh YHCIIEHHO CMOJIETTUPOBAH IyTEM pEIIeHUs ypaBHEHUI MakcBeia A O0bIIo-
ro KOJMYECTBa CIEAYIOUIMX APYT 3a APYroM AMCKPETHBIX KoHpurypamuii. OgHako B

OONBIIMHCTBE clTydaeB OoJiee 3PPEKTUBHBIM TOIXOIOM SIBISETCS MPEIANON0KECHHUE O
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MOJTHOM SPrOANYHOCTH aHCaMOJIsl YaCTHII.
A HMEHHO, BECh INOCIEAYIOIIMN AaHaIU3 JJIEKTPOMAarHUTHOIO PaCCEsHUs
CIIy4allHBIMHM TPYIIaM{ 4YacTHll OyJeT OCHOBaH Ha CIEIyIMMX (yHIaMEHTaIbHbBIX

MMPCAIOJIOKCHHUAX

® paccerBaIOMINI OOBEKT MOXKET ObITh aJIEKBATHO OXapaKTEPHU30BaH B JIFOOOW MO-

MEHT BPEMEHU KOHEUHBIM HaOOpOM (PU3MUECKHUX MapaMeTpOB;

® paCCCI/IBaIOH_II/Iﬁ OOBEKT SBIISICTCS A0CTAaTOYHO HM3MCHYHMBBIM BO BpPCMCHH, a
IMPOMCEIKYTOK BPCMCHHU, H€O6XOI[HMBII>1 A1 OIITUYCCKOI'0O M3MCPCHUA, ABJIACTCS
JOCTAaTO4YHO MJINTCIIBHBIM, YTOOBI YCPECAHCHUEC OIITHYCCKOI'0 CUI'HAaJIa 110 BpEMC-
HM MOXKHO OBIIO 3aMEHHTH YCPCAHCHHUCM 110 INOAXOJAIMECMY CTATUCTHUYCCKOMY

pacnpeneneHuto (U3NYECKUX I1apaMeTPOB, XapaKTEPU3YIOIINX OOBEKT.

Hpyrumu cioBamu, Mbl OyJIeM MPEANoaararb, YTo yCpeAHEHUE MO0 BPEMEHHU ISl OJTHOM
KOHKPETHOHM peaiu3aluy CIy4ailHOro IMpolecca paccestHUusl SKBUBAJIEHTHO CTaTUCTH-
YECKOMY YCPEIHEHHIO IO aHCaMOJIIO.

YToOb! Jydllle MOHATH CMBICH 3PTOJUYHOCTH, PACCMOTPUM H3MEPEHHE CBETO-
pacceuBarollell XapakTepucTuk 4 o0naka c(hepuuecKuX BOJHBIX Karelb. JTa Xapak-
TEPUCTUKA 3aBUCUT OT BPEMEHHU HEABHO, OyAyud (PYHKIUEH 3aBUCALIUMX OT BPEMEHU
KOOpAMHAT U pa3MepPOB BCEX COCTABIAIOMMX yacTull. COBOKYMHBIM HAOOp MOJ0KEHUN
U PAaJWyCOB BCEX YaCTUL, 0003HAYaEMbI [ajee uyepe3 |, OINpEeAeNseT COCTOSHHUE
BCEro 00Jlaka B OMNpEJEICHHbII MOMEHT BpeMeHH. JJi1 TOro, 4ToObl MPOAHATUZUPO-
BaTb U3MEpPEHME XapaKTepuCTHKu A[w(f)] 3a NPOMEXYTOK BpPEMEHU OT ! = f, IO
t =t,+ T, TpeOdyeTcss METOA TEOPETUYECKOr0 MPEICKa3aHMsl CIEAYIOLIEr0 CPEIHErO

3HAa4YCHUA:

A= j to dt A[w(1)]. (2.19)

Kak Mbl yXe yNnOMHHAM, BPEMEHHAS 3BOJIOLMS COCTOSIHUS PpEeajbHOro o0iaka

BOJIHBIX Kamleyb MApAMETPU3YETCA CIO0KHOM CHCTEMOW YPABHEHUH, OINMCHIBAIOIINAX
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pe3yJbTaT B3aUMOACUCTBUS MHOTOUHUCICHHBIX (PU3NYECKUX U XUMUYECKUX MPOLIECCOB.
XoTs B mjaeane CileIoBaJo Obl BKIIOYUTH PEIICHUE STOW CHCTEMbl ypaBHEHUN B
Mporiecc BBIYUCICHHS cpefaHero (2.19), B OONBITUHCTBE CIIy4aeB ATO OKa3bIBACTCS
MPaKTUYECKH HEBO3MOXXHBIM. BMECTO 3TOro ycpenHeHHEe MO BPEMEHH 3aMEHSIOT
YCPEIHEHHUEM I10 aHCAMOJII0, OCHOBBIBASICh HA CJIEIYIOIIEM PACCYKICHUU.

XOTs KOOPAMHATBI U pa3MEpPbl BOJHBIX Kalelb BOJIOLUUOHUPYIOT BO BPEMEHU
cnenu@uueckuM 00pa3oM, 3aBUCSIIMM OT KOHKPETHOTO HAYalIbHOTO 3HAYCHUS Y H
OKpY>KaIOIIUX YCJIOBH, HAOOP MTHOBEHHBIX COCTOSTHUI 00JIaKa, «3aCHATHIX» IETEKTO-
POM 3a BpeMsI M3MEpPEHHMs], HACBIIAETCs ¢ pocToM 1. Ecim mpomMexyToK BpeMeHH I’
JIOCTATOYHO OOJIBIIONW, TO COOTBETCTBYIOIIMM HAa0Op «3aCHSTHIX» COCTOSHUN CTaHO-
BUTCSl TIPAKTUYECKH HEOTIIMYUMBIM OT HAOOpa, COOTBETCTBYIOIIETO OECKOHEYHO J0JI-

rOMY MU3MEPEHHUIO, TaK YTO

. . 1 ty+t
A = Tll_l)’l;lo - ) dtAly ()] = (A4),. (2.20)
3amMeTUM Temeph, UYTO JIOCTATOYHO JIMTEIBLHOE HM3MEpPEHHE, CKOpee BCero,
«3aCHUMET» Kaxaoe (pU3MuYecKu peam3yeMoe COCTOosiHue oOiiaka. bomee Toro, srta
«CHhEMKa» OKa3bIBACTCS CTATUCTUYECKH MPEACTABUTEIBHOM B TOM CMBICIIE, YTO KOJIH-
YECTBO «KaJIPOB», COOTBETCTBYIOIIMX KaXKOMYy COCTOSIHHIO, BEJIMKO W CTPEMHUTCS K
OeckoHEeUHOCTH B Tmpenene 7 —>oo. Camoe BaKHOE, CYMMApHBIA BKJIAJ Ka)J0To
cocTosiHus oOnaka ¥ B (A), HE 3aBUCUT OT TOrO, B KaKMe€ KOHKPETHbIE MOMEHTBI
BPEMEHH PEalIn30BajIOCh 3TO COCTOSHUE B IMPOIECCe BPEMEHHOM ABOJIIOIMU o0Jiaka, a
3aBHUCUT OT TOJIHOT'O YHCJIa TaKUX peanu3anuid. [1oaToMy MOXKHO cUHMTaTh, YTO 3TOT
CyMMAapHbIi BKJIQJI POMOPIIMOHATICH BEPOSTHOCTH PEATM3AIIMK COCTOSIHUS ¥ B NPOU3-
60JIbHLIII MOMEHT BpPEMEHH. ODTO O3HayaeT, 4YTO BMECTO TOTr0, YTOOBI OIPEICITUTH
cocTosiHue oOjaka B KaKJbli MOMEHT BPEMEHHM !¢ W TPOUHTETPHUPOBATH IO BCEM
3HAQYCHUSIM ¢, MOXKHO TIOTIBITAThCSA OMNPEACIUTh IOIXOJAIIYI0 CTaTUCTHYECKYIO
dbyHKIUIO pacnpeneneHust p(y), HE 3aBUCAILYIO OT BPEMEHH, U POUHTETPUPOBATH T10

BceM (DM3UYECKH PeaTi3yeMbIM COCTOSTHUSAM O0JIaKa:
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(), ~ j dy p)A(y) = ()., (2.21)
rac

j dyp(y) = 1. (2.22)

®dopmyna (2.21) sBiusercs popMaTbHBIM MaTEMaTUYECKUM BbIpaX€HHUEM TPHUH-
IIUIIa IProAUYHOCTH. Takue (Pu3nuecKkue Mpolecchl Kak OpOYHOBCKOE JBHIKEHUE U
TypOYJEHTHOCTh 4acTO CIIOCOOCTBYIOT YCTAaHOBJICHHIO 3HAYMTEJIBHOTO IMPOM3BOJIA B
MOJIOXKEHUSIX U OPUEHTALMSIX YaCTHII, YTO, MO-BUIUMOMY, OOBSICHSET, TOYEeMYy MHOTHE
TEOpPETUYECKHE TpeACKa3aHus, OCHOBAaHHBIE Ha HJProJMYECKON THIIOTE3E, XOPOIIO
corjlacyrorcsi ¢ pesyiapraramu uzMepenuit [34]. IlpakTuueckuit CMBICI TIPEAIOIONKE-
HUS DProJAUYHOCTH B KOHTEKCTE TEOpHH IepeHoca U ciabod Jokanu3anuu Oyaer
paccMOTpeH B I1aBe 6.

B 3akirouenue 3Toro paszaena OTMETHM, YTO IProudecKkas ruroTre3a Oblia BBe-
neHa MakcBensioM U boiibliMaHOM Kak OCHOBOTIOJIATAIOIINI TPUHIIAI CTATUCTUYECKON
MexaHUKU. OCHOBBI APTOJIMYECKOM TEOPHH, €€ CBSI3b CO 3HAMEHUTOU Teopemoit [lyaH-
Kape o Bo3Bpare [228] U ee MpUMEHEHUS] B CTATUCTUYECKOM MEXaHUKE M KMHETHYEC-
KO TEOPUM XOPOIIO H3JIOKEHBI B [66, 269]. [loyuntenbHbie 0OCYKIESHUSI IPTOIH-
YECKOW THUIOTE3bl U MPUMEPBhl HEAPTOAUYHBIX PACCEUBAIOIIUX CPEJ MOXXHO HAWTH B

[97, 218, 232, 241, 284].

2.5. Ilpuban:xeHne OTHOKPATHOTO PACCETHUS

B sToM pazzaene mbl npuMenuM ypaBHeHus: Dongu—Jlakca v MpUHLKI Proiny-
HOCTH K BBIBOAY (OpMyI MPUOIMKEHUS OJHOKPATHOTO PAaCcCEsHMs IJisi HEOOJbIIOM
IPYIIbI YaCTHUII, CIYyYallHO pacTpeIeICHHbIX 0 MalioMy o0bemy V. Konuenius onHo-
KpPaTHOTO paccesiHus CBETa HEKUM «JIu(dPepeHInaTIbHBIM 00BEMOMY JI0JITOE BpEMs
ObLJ1a LIEHTpaIbHOM 1 (PEHOMEHOJIOTHYEeCKOM Teopun nepeHoca uznyudenus. C nosis-

JIEHUEM MHUKPO(PHU3NYECKOTO Moaxona «auddepeHIuanbHblii 00beM» YTpaTUI CBOIO
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JOJITO JIEJIEEMYIO POJIb AJIEMEHTAPHOTO pPACCEMBATENII B MaKpOCKOIMYECKOH Cpele,
COCTOSIIIIEH M3 OOJBIIOr0 YHCia CIy4yallHO PacHOJIOKEHHBIX JUCKPETHBIX YacTHIl, U
YCTYIUJI €€ 3aKOHHBIM BJIa/IeNIbI[aM — CAMUM YaCTHUIIAM.

TeM He MeHee, KOHIIENIUSI MajIoro 00bema, 3al0JIHEHHOTO CIIy4allHO U PEIKO
PaCIONOKEHHBIMHM YaCTUIIAMU, OCTAETCS MOJIE3HBIM CPEJICTBOM aHallh3a B T€X MPHUIIO-

JKCHUAX, B KOTOPbIX:

® BECh PACCEWBAOIINNA 00BEM HAONIOAACTCS C PACCTOSHHSI, HAMHOTO MPEBBIMIA0-
LIEr0 €ro MaKCUMaJIbHbIN JIMHENHBIN pa3Mep;

® CyMMapHOE€ KOJHUYECTBO YacTHI B oObeMe N HEIOCTAaTOYHO BEIHUKO, YTOOBI
00yCIIOBUTH 3aMETHBIN BKJIaJ, MHOTOKPATHOTO PACCEsIHUS B MOJHOE PACCESIHHOE

H3JIyUYCHUC, ITOKUAAIOIICC 00BEM BO BCEX HaITpaBJICHUAX.

TUOUYHBIM TPUMEPOM TAKUX MPUIOKEHUHN SIBISIETCS MHTEPIpPETALMS Ja0OpPaTOPHBIX
MU3MEPEHUN pacCesHUs CBETa MAJIBIMU COBOKYITHOCTSIMU MPUPOIHBIX U UCKYCCTBEHHBIX
gactul [26, 86]. [ToaToMy B 3TOM pazaene Mbl paCCMOTPUM, KaK MOKHO TEOPETHUECKH
MOJIEJIMPOBATh MOKa3aHUE KOJUIMMHPOBAHHOTO MOJISIPU3AMOHHOTO JAETEKTOpa, Iome-
IIEHHOTO0 Ha OOJIBIIOM PAacCTOSIHUM OT Majloro o0beMa pPa3peKeHHOM IMCIIEPCHOM

cpenst [199].

2.5.1. Ilpudaun:xeHne OJHOKPATHOIO paccessHUs AJasi (PMKCMPOBAHHOH TIpPyNIbI
yactuln. PaccmoTpum BHavane paccessHue (pukcupoBaHHOW Tpynmod yactuil. Ilo-
npexkHeMy OyneM mpearnojaraTt, uYTO Majarollee HU3Iy4YeHHE SBISETCS TUIOCKOM
3JIEKTPOMATHUTHOI BOJHOM, pacmpocTpaHsiomieiics B Hanpapienun n'™. Ilpeamono-
UM TaKXe, 4YTO BTOPOE cllaraéMoe B MpaBoil yacTu (2.4) Mallo MO CPaBHEHUIO C
MEPBBIM CJAraéMbIM. JTO O3HAYAET, YTO KaXKJas YacTHUIa «BO30YKIAETCS» TOJBKO
NaaloUIMM U3IyYeHHEM. B 3TOM COCTOUT CMBICT npubaudicenusi 0OHOKpamHuo2o pac-

cestHus 151 GUKCUPOBAHHOM TPyl yacTHIl. Torma BmecTo (2.2) nmeem:

E(r) = I dr’'G(r,r’) - I dr’T.(¢,x”) - E™("). (2.23)
4 4
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OueBUIHO, YTO YACTUYHBIC PACCESTHHBIC IOJISl TeTePh HE 3aBHCAT JAPYT OT Apyra (cp.
(1.8)).

Bribepem Hauano O nabopaTOpHON CHUCTEMbl KOOpPAMHAT BOJM3U T€OMETpPHU-
YeCKOT0 [EHTPa IPYMITBI YaCcTHUI], TPEAOI0KHM, YTO TOUKA HAOIIOICHHS PACIIONOKE-
Ha B JajibHed 30He 000 wactuibl, U BcmoMHUM (opmyny (1.11). IMocnennss
O3HAYaeT, YTO pacxojsmascs chepudeckasi BOJIHA, cO3aBaeMasi i-ii 4aCTUICH B OTBET
Ha BO30YK/IEHNE TIIIOCKOW BOJTHOM EioIlc exp(iklﬁin‘"’ -T,) B JaJIbHEH 30HE TON YacCTHLIBI,
naercst BeIpaxenueM exp(ik,r)A(F,7"™) - EM™ /rl., B KOTOpPOM Ha4ajgo BEKTopa I,
HaxXOJUTCA B TEHTpe i-d dactuipl (puc. 2.4), Zi(f‘i,ﬁim) — TEH30p paccessHus i-i
YaCTHIBl B CHCTEME KOODJWHAT C HAYajJoOM B LEHTpe i-i 4acTuusl, F, = r,/r, —
CIMHUYHBIA BEKTOP B HAIpaBICHUH paccesiHus. UTOOBI MCMOIB30BaTh ATO 00CTOS-

TEJIbCTBO, NEPENUILEM BbIPAKEHUE ISl IUIOCKOM MaJarolell BOJHBI B JJA0OPAaTOPHOU

CUCTCMC KOOpJAHHAT B CJIICAYIOIICM BUJIC!

. Touka
HaOJIFO IeHNS

Puc. 2.4. PaccesHue B TaJIbHEN 30HE IPYyNIIbI YACTHUIL, 3aHU-
MAaroIux Maablii 00neM V.
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E™(r) = EMexp(ik,a™ - r)exp(ik,i™ - R)), (2.24)

rae Bektop R, coenuHseT Havano KOOpAMHAT C LEHTPOM i-i yactuisl (puc. 2.4). B

PE3YJIbTATC IMOJYy4aACM:

exp(ik,7) -

cha(r) — exp(lk'\mc R) A( "11’1(3) Eglc (225)

i

Ota GopMyIia BepHa MPU YCIOBHH, UTO IS KAKIOM YaCTHIIHI B TPYIIIE BHIMTOTHSIIOTCS

CIICAYIONINE HEPABEHCTBA:

k(r,—a) >1, (2.26)

v >>a, (2.27)
2

> "17“ (2.28)

r7ie a, — paauyc HauMeHbllel onrcanHon cdepsl i-i yactuusl (cp. (1.18)—(1.20)).

2.5.2. IlpudanxeHue OJHOKPATHOIO PaccesiHUsl B JajibHell 30He (PUKCUPOBAHHOI
rpynnbl yactun. [Ipenmnonoxum Tenepb, 4TO TOYKAa HAOIIOACHUS HAXOJIUTCS Hac-

TOJIBKO JJAJIEKO OT Hayajla CUCTEMbI KOOPJIUHAT, 4TO 7 >> R, 11 m000ro i. D10 naer

A 2 2
=|r—R[|:r\/l—2r R"+R—;zr—f'-Ri+R—". (2.29)
r r 2r
[ToaTomy
E=(r) = PO oo AR A" BN, (2.30)
r
e
= k("™ -F)-R,, (2.31)

M MbI TAKKC IIpCAIIojaracm, 4To
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2
ro> kR, (2.32)
2
nu
A(F,0™) = A(F,0™) (2.33)

1uist iro6oro i. Teneps (2.1) MokHO nepenucaTh B CIEAYIOLIEM BUJE:

0 »

Esca(r) — eXp(:klr) ;i(f', ﬁinC) . Einc (234)

IJIe TEH30p PAaCCESTHUs BCEH TPYTIIBI JAETCs Cienytoieit hopMyIoii:

N

A(F,2™) = 2 exp(id.) A(F, n™). (2.35)
i=1

ScHo, uyTo (2.34) onMCHIBAET MOMEPEUHYIO PACXOATYIOCS CHEPUUECKYIO BOJIHY

C OCHTPOM B HAYAJIC KOOpAUHAT 0 Yyer IMOTICPCYHOCTH BOJIHBI JACT
sca eXp(lk r ) ~  Ainc inc
E*“(r) = fl S(r,n"™)-E°, (2.36)

I7Ie UCHoJib30BaHO oOo3HaueHue (1.14), mpuyeMm aMIUIMTyJHAs MaTPULA PACCESTHUS
Beeil rpynmbl S(F, i) BeIpaxkaeTcs uepes MHAMBHIYaTbHbIE AMILTHTY/IHBIE MATPULIBI
A inc

gactunr S, (r,n"™ ), ompemeneHHbIC B COOTBETCTBYIOIIUX JIOKAIBHBIX KOOPAWHATAX,

CJeAYIOIMM 00pa3oMm:

N

A Aldnc _ . A Adnc
S(F,A™) = 2 exp(i4.)S,(F, i™). (2.37)
i=1
Ota (opmyna ocHOBaHa, pa3yMeeTcs, Ha MPEANOI0KEHNUH, YTO OpUEHTAIMK J1labopa-
TOPHOU U BCEX JIOKATLHBIX CUCTEM KOOPJIMHAT COBMAIAOT.
[Tpubnmxennoe paBeHCTBO (2.33), ucnonb3oBaHHOE TpU BbIBoAE (2.34), o3Ha-

YaeT, YTO PACCTOSIHME 7 OT Hayaja JabopaTOpHON CHCTEMbl KOOPJAMHAT A0 TOYKH
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HAOJFOACHUS JIOJDKHO YIIOBJIETBOPSATH HEPABEHCTBY 7r/ (2ka) > L / 2r, tne L -—
MaKCHUMaJIbHbIN JIMHENHBIA pazMep oObeMa V. [{is mpocTOTHI MBI MPEANOJIAraeM, 4To
L/2 3HaYMTENHHO MPEBBINIACT ¢, U BCEX YacTHII. Bojee Toro, MpenonokeHue, 4To
r > R., NPUBOIUT K HEPAaBEHCTBY r >> L/2. Takum 00pa3oM, KPUTEPUH MPUMEHH-

MocTH (2.34)—(2.37) MOKHO CyMMHPOBATH CICAYIOMUM 00pa3oM:

kros> 1, (2.38)
P L (2.39)
2
2
ro> klgL , (2.40)
ro>> Lka, wm - r > 2La, mis i=1,..., N. (2.41)
T 1

®opmynbl (2.34)~(2.37) o3HayaroT, 4TO BCS TPYINA YacTHUI] BeAET cels, Mo
CyTH, KaK TOYEUYHBII paccemBaTeib, CO3JAIONINNA SIUHYI0 pacXosmytocs chepuyec-
KYI0 BOJIHY M XapaKTepU3YIOMIMICSI CyMMapHbIM TE€H30POM PACCESHHSI U CyMMapHOM
aMIUIMTYITHOM MaTpuuer paccesHus. [1o3ToMy HEyAMBUTEIBHO, YTO HEPAaBEHCTBA
(2.38)~2.40) mpakTUuYeCKH >KBUBAJICHTHBI KPUTEPHUSM paccesHUs B JaJIbHEW 30HE
(1.18)—~(1.20) B npyMEeHEHNH K TPYTIINE YaCTUIl KaK €TUHOMY IienoMy. Takum o6pazom,
dbopmyisl (2.34)~(2.37) pe3toMUPYIOT TO, YTO MOXKHO HAa3BaTh NpubIudiceHuem 0OHO-
KpAmHoz2o pacceanusi 8 0aibHell 30He PUKCUPOBAHHOM TPYIIIbI YACTHII.

OCHOBHBIM TPEUMYIIECTBOM MPUOMIKEHHON (opmynbl (2.35) Ham TOYHOM
dbopmynori (1.12) sBiIsieTcs TO, YTO TepBas JAaeT BO3MOXKHOCTH OYEHBb ITPOCTOTO
pacdeTra TEH30pa pacCEesSHUS TPYIIbl YacTHI] MPHU YCJIOBUH, YTO WHIUBUIYaJIbHBIC
TEH30pBI BCEX YaCTHUIl U3BECTHHI. B cBOIO ouepenp popmyna (2.37) mo3BosiseT BbIUKC-
JUTH BCE HAOJIIO/aeMble XapaKTEPUCTUKH PACCESHHs B JalibHEW 30HE, BBEJICHHBIC B
nepBoil r1aBe. B 4acTHOCTH, MOCKONBKY /4, MCU€3al0T B HAIPABICHUU IPSIMO BIEpE]

(f = A"™), noacranoska (2.37) B (1.43)—(1.49) u (1.63) naer
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K = EN:KZ., (2.42)

i=1

N
Cext = E ’Cext,i' (243)

i=1
I[pyl“I/IMI/I CJIOBaMH, MaTpula SKCTHHKIOHUH W CCUCHUC JSKCTHUHKIUU (I)I/IKCPIPOBaHHOfI
Irpymaiibl 9aCTUILl ITOJYYAarOTCA CYMMHUPOBAHHCM COOTBCTCTBYIOIIUX XAPAKTCPUCTUK

OTACIBHBIX YaCTHII.

2.5.3. HexoppesupoBaHHOe NPUOINKEHNE OJHOKPATHOIO PACCESTHUS U €r0 MOIH-
¢puxaumusa. PaccmoTpum Teneph paccessHue 00beMOM CIyYalHOM JUCIIEPCHON CPEJIbl.
JI71s1 3TOr0 BOCIIOJIB3YEMCSI KOHLETIUEN SPrOJUYHOCTH U CHENAEM JBA JOMOJHUTEIb-

HBIX IMPCAITOJIOKCHUA:

e N "acTull, 3anoTHSIONNX 00heM V (cM. puc. 2.4), ABMKYTCS B TEUEHHUE TIpoIiecca
MU3MEPEeHHsI TaKUM 00pa3oM, YTO WX TOJOXKCHHS OKa3bIBAIOTCS CIyYalHBIMU H
CTaTUCTUYECKH HEKOPPETUPOBAHHBIMU;

® kpurepuu npuMeHUMocTH dopmyi (2.36) u (2.37) BBIOJHSIOTCS B JIFOOOW MO-

MCHT BPCMCHH Ha IMPOTAKCHHUH U3MCPCHUAI.

OTU NPEANoNoKEHUs ONPEILISIOT HeKOppeIupo8anHoe npubaudcenue 00HOKPamHoz2o
pacceanus B NallbHEW 30HE Majioro o0bema ciaydaiHou aucriepcHoi cpenbl. [loHsITHO,
YTO OHM HEe MEHSIOT (popmMyisl (2.42) u (2.43), MOCKOJBbKY MOCJIEIHUE HE 3aBUCAT OT
KOHKPETHOTO pacmnoiioxkeHus yactuil. [loatomy (2.42) u (2.43) Taxxke sBisitorest Gop-
MYyJIaM{ JJI1 MaTPUIIbl SKCTUHKIIMKU U CEUEHUSI SKCTUHKIMU 00beMa, YCPEITHEHHBIX IO

BPCMCHHU WUJIH, YTO 3KBHUBAJICHTHO, IT0O KOOpAWHATAM YaCTHIIL:

K = Y K, (2.44)

i=1

N
(Codr = Y, Cour (2.45)

i=1
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Ha cnenytomem stane noacraBuM (2.37) B (1.25)—(1.40) u npeAnosioxuM, 4To
CIIy4alHOCTh TOJIOKEHHMI YacTUIl BO BpEMSI M3MEPEHUS MPUBOAMUT K CIEAYIOIIUM

HCPABCHCTBAM:

Red, D [S(F,0™)],[S,(F,2™)],, expli(4, - 4,)Dy

i=1 i'(#i)=1

< ReZ[s (F, 8", [S,(F, 5")], (2.46)

U, eciid k# p unm [ # q,

S 3 8,18, ™)1, (expliC4, - 4]

i=1 i'(#i)=1

< Imz S,(F,0")],[S,(F,A™)] |, k., p,g=12. (2.47)

®opmyna (2.31) mokaspiBaeT, 4TO Il OOHYJIEHHS JIEBBIX CTOpOH (2.46) u (2.47)
HOJOKEHUS - W [ - YacTHIl JODKHBI CIy4aliHO MEHATHCS B JHMANa3OHE, MPEBbI-
HIarOUIeM, IO MEHBUIEH Mepe, HECKOJIBKO JUIMH BOJIHBI, TEM CaMbIM, IPUBOAS K CIIy-
YalHBIM KOJICOAHUSAM JIeHCTBUTENBHOM U MHUMOM 4acTeil MHOKuUTENs exp[i(4, —4.)]
Mexay 3HaueHusMu —1 u +1. Torga HeTpyIHO yOenuThCs, U4TO MmosiHas (a3oBas Mart-
puila o0beMa, yCpeHEHHas [0 KOOPAUHATAM YaCTHIl, TAKXKE JACTCs «HEKOT€PEHTHOM

CYMMOU MHIMBUIYaNbHBIX ()a30BbIX MATPHUILl YACTHUIL
N
(Z), = 2 Z. (2.48)
i=1

Hakonen, dopmyner (1.64), (1.65) u (2.45) paroT ycpeaHEHHBIE TO KOOpAMHATaM
MIOJIHBIE CEYECHHS PACCESHHsSI M TOTJIOMIEHUsI 00beMa KaK CYMMBbI COOTBETCTBYIOIIUX

WHIUBUYAJIbHBIX CEUCHUM:
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N
<Csca>R = chca,i’ (249)

i=1

N
<Cabs>R = zCabs,i‘ (250)

i=1

XOTs HAJIMYUE CHIIBHO OCHWUTMPYIOIIMX KOMIUIEKCHBIX 3KCIHOHEHIIMATIbHBIX
MHOKUTEJIEH B OOIBIIMHCTBE CIIy4YaeB JEHCTBUTEIHLHO IPUBOIUT K OOHYJIEHUIO JIEBBIX
CTOpOH HepaBeHCTB (2.46) u (2.47), sicHo, 4To 00a HepaBEHCTBA HAPYIIAIOTCS BOJIU3U
HANpaBJIeHUs paccesHus TpsaMo Boepen (F =~ A™), T. e. korma Bce A, 0OHymIsIOTCS
WINA CTAHOBSITCS O4Y€Hb MajbIMuU (cM. (2.31)), a Bce MHOXuUTenu expli(4, — 4.)] craHo-
BATCA PaBHBIMHU €JIMHUIIE. DTO O3HAYAET, YTO OJHOKPATHOE pacCesHUE pa3InYyHBIMU
YacTUIIAMH B HAIPaBJICHUSIX, OJM3KUX K HAIIPABJICHUIO MPSMO BIEPE[, OCTaeTCsl Kore-
PEHTHBIM WJIA MOYTH KOT€PEHTHBIM HE3aBHUCHUMO OT KOHKPETHBIX MOJOKEHUI YaCTHUIl U
JOJIKHO TMPUBOJUTH K JOTOJHUTEIHLHOMY YCHJIEHUIO MHTEHCUBHOCTH Ojlarojapsi KOH-
CTPYKTHBHOM MHTepdepeHiuu (0osee moapoOdHO ATO sBIeHUE OyJeT pacCMOTPEHO B
paznene 5.3). Ilostomy dopmynsl (2.48)—(2.50) He clenyl0T HEMOCPEICTBEHHO M3
HEKOPPETUPOBAHHOTO MPUOIMKEHUS OJHOKPATHOT'O PACCEsIHUS, a OCHOBBIBAIOTCS Ha
JOTIOJTHUTEIBHOM TMPEINOJIOKEHUH, YTO BIUSHUEM HHTEp(EepeHlIUd B HaNpaBICHUU
BIIepe] MOXKHO mpeHeOpeub. [locneaHee mpennonokeHue B COBOKYIMHOCTH C paHee
BBEJICHHBIMU TPEAMNOIOKEHUSIMHU ONPENEISIET MOOUDUYUPOBAHHOE HEKOPPENUPOBAH-
Hoe npubnudiceHue O00HOKPAMHO20 pdaccesHus B JajdbHEW 30HE Majloro o0bema
CIIy4YalHOM JUCTIEPCHOM CPEJIbI.

®opmynel (2.42), (2.43) u (2.48)—(2.50) 00BIYHO TIPUBOAATCS O€3 CTPOTOro
BBIBOJIA U COCTaBIISIIOT OCHOBY PAacCMOTPEHHUS OJIHOKPATHOTO PpAaCCEsHUS MaJbiM
00BEMOM MPAKTHUYECKU B KaXJA0W MOHOrpaduu MO PACCESHUIO CBETA WJIM MEPEHOCY
u3nnydeHus. Hain getanpHBIN BBIBOJ TOKa3biBaeT, 4To (Gopmynsl (2.42) u (2.43)
CJIEIYIOT U3 MPOCTOr0 MPUOIMKEHHUS OJHOKPATHOTO pACCEsHUS B JalibHEW 30HE U
OPUMEHUMBI K JII0OOHM TpyTIe YacTull, Kak (PMKCUPOBAHHOM, TaK M CIy4ailHOM, Toraa

kak popmyibl (2.48)—~(2.50) BepHBI TOJIBKO B paMKax MOAUMUIIMPOBAHHOTO HEKOppe-
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JUPOBAHHOTO MPUOIMKEHUS OJJHOKPATHOTO PACCESHUA.

[IpocTpaHCTBEHHBIE KOOPJIUHATHI SIBJISIIOTCSI HE €IMHCTBEHHBIMU XapakTe-
PUCTUKAMU YaCTHI], KOTOPbIE MOTYT MEHSTBhCS CO BpeMeHeM. YacTHUIlbl MOTYT TakkKe
MEHATH CBOM WHIWBUIyAJIbHBIC COCTOSHUS: pa3Mepbl, POpMbI U opreHTaru. B Takux
CIIydasiXx OOBIYHO CUMTAIOT, YTO BPEMEHHBIE U3MECHECHHSI HHIUBUIYATbHBIX COCTOSHHMA
COBEPIIEHHO HE KOPPEIUPYIOT C U3MEHEHUAMH KoopAuHaT. [ToaToMy MOXKHO J0MOJI-
HUTEIHHO YCPEIHUTH MpaBbie yactu popmy (2.42), (2.43) u (2.48)—(2.50) mo nHAMBH-
IyaJIbHBIM COCTOSIHUSIM YacCTHUIl ¢ U MOJYYUTh CIEAYIOIINE OKOHYATEIbHBIE BBIPAXKE-
HUS U1 CYMMAapHBIX ONITHYECKUX XapaKTEPUCTUK BCErO JUCIIEPCHOTO 00bheMa, yCpe-

HEHHBIX 10 aHCAMOJIIO:

Kr: = NK))., (2.51)
(D = NZ),, (2.52)
(Coidre = N(Coii)es (2.53)
(Coadre = NCeii)es (2.54)
(Cansdre = N{(Cipi)e (2.55)

I7I€ YIJIOBblE CKOOKM B IMPaBbIX YacTsAX O003HA4YalOT COOTBETCTBYIOLIUE OOHOUYAC-
Muynble XapaKTePUCTUKH, YCPEAHEHHbIE MO UHAMBUAYAJIbHBIM COCTOSAHMSIM. Kak MbI
BCKOpE yOearMCs, 3TH K€ CPEHUE OJHOYACTUYHBIE XapAKTEPUCTUKHA CBETOPACCESIHHUS
BXOJAT M B ypaBHEHHUE IE€pEHOCA U3IYYEHHs B Pa3peKEHHBIX TUCHEPCHBIX CpeNax,
COCTOSIIIIUX U3 OYEHH OOJIBIIOTO KOJMYECTBA CIIyYaliHO PACIOIOKEHHBIX YaCTHII.

B 3akiroueHne 3TOro pasziena OCTAaHOBUMCS Ha YCJIOBUM HPUMEHUMOCTH
OCHOBHOI'O MPEANOJIOKEHUS TPUOIMKEHUS OJHOKPATHOIO PAcCEesiHUs, & UMEHHO, YTO
KaXKJasi JacTulla Bo30yKJaeTcss TOJNbKO maaammuM mojiem. Ilocnennee, o4eBHIHO,
O3HAYAET, YTO MOJHOE KOJIMYECTBO IHEPTUU, PACCESIHHOW BCEMH YaCTULIAMH, JOJIKHO
OBITh 3HAYUTEITFHO MEHBIIIE, YeM KOJIMYECTBO MaJaroIIel SHEPTUH, MPOXOAsIIeH depes

IMONICPEYHOC CCUCHHC ob0beMa:
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N
Z Cous < L. (2.56)

i=1

[TomumMo 3TOrO 0O0IIETO YCIOBUS MOXKHO PACCMOTPETh KOHKPETHBIE MPOSIBICHUS
3¢ (}HEKTOB TIOTHOW YMAKOBKM YACTHUIl U WX TIOBEJCHHUE C YBEJIMUYECHUEM PACCTOSHHUS

MEXIy YacTUIlaMu. ITo OyAeT caenaHo B pasnene 5.4.

2.6. MakpocKonu4ecKy U30TPOIHbIE H 3ePKAJILHO CHMMETPHYHbIE

JAUCTIEPCHBIE CPeIbI

CTraTuCTHYECKOE YCPEIHEHHE 10 WHIAUBUAYAIbHBIM COCTOSHUSIM YaCTHI]
3a4acTyl0 IMPUBOJIUT K 3HAUYUTEIBHOMY YIIPOIICHHUIO CTPYKTYPHI (ha30BOM MaTpHUIIBI U
MaTpuibl JKCTHUHKIUM. [loxkanyi, HambOoiee BaXKHBIM IPUMEPOM SBIISICTCS Tak
Ha3bIBacMas MaKpOCKOIMYECKH M30TPOIHAs U 3€pKaJbHO CUMMETPUYHAS PacCEUBar0-
mas cpeaa, COCToAIMIAs U3 XaOTUUYECKU OPUEHTHUPOBAHHBIX YACTHI], IPUUYEM KaxKaas
JacTuIla JIM00 MMEET MIOCKOCTh CUMMETPHH, JTUOO COIPOBOKIACTCS YACTUIICH B BHUJIC
ee 3epKaibHOro oTpaxkeHus [88, 194]. B aToM ciydae ceueHHs] SKCTUHKIIMH, pacces-
HUS ¥ TIOTJIONICHUS, YCPEIHEHHBIC 10 COCTOSHUSM YacTHIl, U alb0eI0 OJHOKPATHOTO
paccesiHus MEePeCcTaloT 3aBUCETh OT HANPaBJICHUS M COCTOSIHUS TOJSpU3ALMM Iajaro-

LIET0 CBETA, 4 MATPULA SIKCTUHKIUU IPUHUMAET IIPOCTOM JUArOHAJIbHBIN BU:
(KD = (Coui) A, (2.57)

rne A = diag[l, 1, 1, 1] — equangHas MaTpuia pasMepHocTH 4X4. XOTs yNpoIieHue
CTPYKTYpHI (ha30BOM MaTpPHIIBl OKa3bIBAETCS, BOOOIE TOBOPS, HE CTOJb OYEBUIHBIM,
€ro MO’KHO HArJISAHO MPOJEMOHCTPUPOBATH HAa MPUMEPE TaK Ha3bIBAEMO HOPMaIU30-

BaHHOW MaTPHIIbI PACCESTHUS, OTPEICTICHHON CISAYIOMUM 00pa3oM:

ﬁ(@) _ Ar <Zl(0sca — @’ gosca — O, Hinc — 0, goinc — 0)>5, (258)

<Csca,1 >§

rae @€ [0, 7] — yroa Mexay HanpaBJIeHUSIMU NAJCHUS U pacCesHus, T. €. YroJl pacce-
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sausi. [IOHATHO, YTO MaTpWIla paccessHUs OMHUCHIBACT NpeoOpa3oBaHUE MapaMETPOB
CToKca, OMpEIeICHHBIX MO0 OTHOUICHHIO K TUIOCKOCTH PACCESHHS, T. €. TUIOCKOCTH,
coziepareil BekTopsl ™ u N**. Bexrop A" HampapjieH BIOJb IOJOKHTEILHOIO
HAINpaBJICHNS OCH Z, a IJIOCKOCTh pacCesHHs COBIAAACT C TONYIIIOCKOCThI0 X0z ¢
x20. Oxa3pIBaeTcsi, 4TO HOPMAIM30BaHHAs MATPHIA PACCESHUS HMEET MPOCTYIO

OJIOYHO-AMATOHATBHYO (OPMY:

[a(0) b(O) 0 0
b(@) a(@) 0 0
0 0 a6 bO)
0 0  -b(O) a 0)

FO) = : (2.59)

IIPUYEM BEPXHUH JIEBBIM 3JIEMEHT, TPAAUIIMOHHO HA3BIBAEMbI MHIMKATPUCOU pacces-

HUS WK (pa30BoM GyHKUHEH, HOPMUPOBAH HA €AUHUILY:
|
EJ‘ d@sin® q(0) = 1. (2.60)
0

ITOHATHO, YTO MHAMKATPHCA PACCESIHUSI ONMMUCHIBAET YIJIOBOE PACIPEICIICHUE WHTEH-

CUBHOCTH PACCCAHHOI'O CBCTA B CIIy4ac HCIIOJLIPHU30BAHHOI'O IIAAANOMICTO HM3JIYUCHHA.

Kpowme Toro,
F(0) = diag[a,(0), a,(0), a4,(0), a,(0)], (2.61)
F(z) = diagla,(n), ay(z), - a,(x). a,(x)}, (2.62)
a,(r) = a/(r) — 2a,(n), a,(r) = 0. (2.63)

Oxka3bIBacTCs TaKXKE, U4TO
a,(0) = 2a,(0) = q,(0), 0<a,(0)<a/(0) (2.64)

AJIs1 OCCCUMMCTPHUYHBIX HaCTHIL U
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[a,(0) b,(0) 0 0
@) = b(0) a,(0) 0 0 (2.65)
00 a®) bO)] |

0 0 =b(0) a(0)]

a,(0) = 4,(0), a(n) = —a,(7) (2.66)

U1 cPepUYECKH CUMMETPUYHBIX YaCTHII.
[lonsitust 1 00O3HaUeHUs, BBEJCHHBIE B 3TOM pasjene, OyIyT 4acTO HCIOJIb-

30BaThCA B JaJIbHEHIIIEM.

2.7. OcHOBHBIE pe3yJIbTAThI

OcHOBHOM 3ajmaueld 3TOM TaBbl ObUIO BBECTHM KOHUEMIIMM MHOTOKPAaTHOTO
paccesiHus, 3proJIMYHOCTH U CTATHCTHYECKOI0 YCPEIHEHU KaK HEOOXOIUMBIX UHIpE-
IUEHTOB MHKPO(QHU3NYECKON TEOPHUH pPACCEsHUs CBETa CIy4yallHBIMU JUCIEPCHBIMU
cpenamu, pa3paboTaHHOM B aucceprauuu. Kak v B mpenpiayiie TiiaBe, psij H3JI0-
KEHHBIX PE3YJbTAaTOB SBIAIOTCA W3BECTHBIMHU, B TO BPEMS KaK HECKOJIBKO Ba)KHBIX
pE3yNbTaTOB ABIIIOTCA HOBbIMH. K HamOoiiee CyIIECTBEHHBIM W3 HHUX OTHOCSTCS

CIIeAYIONIHE:

1. OOmwuit aHamu3 KOHIENIIMH MHOTOKPAaTHOTO PACCEsSHUs 3JIEKTPOMAarHUTHBIX BOJH
B PaMKax MOHOXPOMATHYECKOI'O IPEACTABICHUS MAKPOCKOIIMYECKON IIEKTPOAU-
HaMHKU U BBISIBJICHUE €€ YUCTO MaTeMaTU4eCcKoro xapakrepa [162].

2.  Crporuil BBIBOJ NPUOJMKEHUST OJHOKPATHOTO paccestHusl U3 ypaBHeHH Donan—
Jlakca 1 TEOpETUUECKUI aHAIN3 YCIOBUI €ro MpuMeHuMocTH [199].

3. BpIBOA CBOWCTB CUMMETPUU HOPMAIIM30BAHHOW MATPULbI PACCEAHUS I HAIIPpaB-

JIEHUH paccesiHUs NpsAMO BIiepe] M TOUHO Hazax [168, 171].
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I'/TABA 3

T-MATPUYHBINA METO/]

AHaJIn3 3JIEKTPOMArHUTHOTO PACCESIHUS B JIBYX MEPBBIX IlaBaxX ObLI MpPeeIbHO
OOIIMM M HaMEpPEeHHO 0a3upoBajCs HA MUHUMYyME IpeanoioxkeHuil. OMHaKo MpaKTH-
YeCKOE€ MCIMOJIb30BaHNE PA3BUTOTO (PopMaii3Ma JOIKHO HEN30€KHO OCHOBBIBATHCS Ha
KOHKpETH3aIi (PU3NUECKUX MapaMeTPOB PaCcCEUBAIOLIETO OOBEKTA U PEIICHUN ypaB-
HeHu MakcBesia py MOMOIIY OJTHOTO U3 UMEIOIINXCS] TOUHBIX WIIM TPUOJIMKEHHBIX
METO/IOB.

OmHUM U3 CaMbIX YHUBEPCATBHBIX U 3((HEKTUBHBIX METOJIOB CTPOTOTO pacyeTa
ANEKTPOMArHUTHOI'O PACCESIHUSL HA OCHOBE MPSMOT0 U YUCIEHHO-TOYHOT'O KOMIIBIOTEP-
HOT'O PEIICHUS] MAKPOCKOMMYECKUX ypaBHEHU MakcBesuia sBIISIETCSl TaK Ha3bIBa€MbIN
T-matpuunsbiii Mmeton [280]. DTOT METOJ MPUMEHUM KaK K pacCeUBaIOIIUM OOBEKTaM B
BHJIE€ €IUHUYHOTO T'€OMETPUUYECKHU CBSI3HOTO TeJa, TaK U K rpymnmnam tein (dactuil). B
MEPBOM ciydae pacyeT 7 MaTpullbl OOBIYHO OCYIIECTBISETCS MPU MOMOIIU TaK Ha3bl-
BAEMOr0 METOJa PaCIIMPEHHOr0 rpaHUYHOTO ycioBus [280], BO BTOpOM — IpU MOMO-
11 METOJIa CYNEpPHO3ULNH, HETIOCPEACTBEHHO BBITEKAIOLIEro U3 ypaBHeHUH Donan—
Jlakca [224].

Xotsa T-maTpuuHbld MeTOJ| ObLI MPENIoKeH OOJbIIE COpOKa JET Ha3al, ero
aKTHUBHOE MCIOJIb30BaHUE Hadasioch Jullb ¢ 1990-x rogos [198, 208]. OTHOCUTENBHO
HEJIABHUI BCIUIECK MOIMYJSPHOCTU 7-MaTPUYHOTO METOJa B 3HAUYMUTEIIBHOW CTENEHU
0o0BsICHAETCS Kak pe3ko Bo3pocmiedt 3ddexktuBHOCTEIO DBM, Tak u pa3paboTkoii
JUCCEPTAHTOM HCKIIOUUTETHHO 3(P(GEKTHBHBIX MOAXOAOB K YIYYIICHUIO YHUCICHHOM
CXOOUMOCTH MeToAa U (KBa3W)aHAIMUTHUYECKOMY pacyeTy CBETOPACCEHBAIOLINX
CBOMCTB aHcamOJiel XaOTUYECKU OPUEHTUPOBAHHBIX YacTull. Kpatkomy onucanuio 7-
MaTpUYHOTO METOJIa M BKJIaJIa TUCCEPTAHTA B €r0 Pa3BUTHE U MOCBSIIECHA HACTOSIIAs

rijiaBa.
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3.1. T-maTpuuHbIil (popMaIU3IM
PaccmoTtpum paccesHue miocKou 3IeKTPOMAarHiTHOM BOJIHBI
E™(r) = E;exp(ikn™ - 1), E;-n™ =0 (3.1)

IMPOU3BOJIbHBIM KOHCYHBIM 00BbekTOM. Pa3moxum Mmagaromee U paCCCAHHOC I10JIS B PA-

Abl 110 TaK HA3bIBACMBIM BCKTOPHBIM C(I)epI/IIIeCKI/IM BOJIHOBBIM (I)YHKI_II/ISIM:

E™(r) =Y Y [a,RgM,, (kr)+b,ReN, (K1), (3.2)
n=1 m=-n

Esca(r) = 2 Z [pmann(klr) + anNmn(klr)]ﬁ r> l">, (33)
n=1l m=—n

rZie 7, — pajanyc HauMEHbIIEH ONMMCAaHHOM Cephbl pacceuBaIOLIEr0 00BEKTA C LIEHTPOM

B Hayayie JJabopaTopHOM cucTeMbl KoopAauHaT (cMm. puc. 3.1). CBoHCTBa BEKTOPHBIX

Puc. 3.1. TlomepeuHoe cedeHHe MPOU3BOIHLHOTO
pacceuBaroiiero o0beKTa.

chepuvecKuX BOJTHOBBIX (PYHKIUH MOAPOOHO paccMOTpeHbl B [56, 194]. Oynkumwm
RgM, u RgN = B pasnoxenuu (3.2) sABISAIOTCA PEryJsIpHBIMU (KOHEYHBIMHU) B
HauaJle KOOpAMHAT, TOr1a KaK UCIOIb30BaHUE «yXxoaamux» ¢pynkunii M, —and N, B
paznoxenun (3.3) oOecnieymBaeT BBHIMOJIHEHUE TaK HA3bIBAEMOIO PaJUalMOHHOTO

YCIOBUSL [IJIi PACCEIHHOTO TOJIsI HAa OECKOHEYHOCTH (MONMEPEYHBI KOMIIOHEHT
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paccessHHOTO T0JIs YOBIBAET Kak 1/r, TOrga Kak pajualibHbIi KOMIOHEHT yOBIBAECT
owicTpee, yeM 1/r B mpenene r — o). Tpebosauue r>r, B (3.3) o3Hayaer, uToO
paccessHHOE IoJie pasyaraercs B psaa no GpyskuuaMm M, u N TOIBKO 3a mpeaeiiaMu
HAaWMEHBIIIEH OMUCAaHHOW cdephl 00BEKTa, YTO MO3BOJIAET SBHO MCKIIOYUTH HCIIOJb-
30BaHHE TaK Ha3bIBAEMOW runote3sl Pases.

KoadpummenTst paznosxkenust miockoi BoHbI (3.1) maroTcst cleayronMe mpoc-

TbIMU aHAJIUTUYICCKUMU BBIPAKCHUSMMU

a = dg(=1)"i"d E™-C" (6™)exp(—ime™), (3.4)

b = 4x(-1)"i""'d E™ B’ (0™)exp(—imp™), (3.5)

IDIS
wn(0) = 9— om(0) + A—ed(fm(@)

~ 1m d
C (0)=0——d, ()—p—d_ (0),
mn( ) Sin(9 Om( ) (pd(9 Om( )

m+1 |7

4zn(n+1)

u d; (0) — d pynxkuun Burnepa [4]. B cuny nuneiiHocTH ypaBHeHui Makcseria
KO3(pPULIMEHTH! Pa3/I0KEHUs] PACCESIHHOIO Moy p, W ¢, ~JOJKHBI JIMHEHHO BbIpa-
KaTbCs depe3 Kod(D(PUIMEHTHI pa3ioxeHHus Majaroled Miockoil BoiHbl a,, U b,
OT0 JIMHEHHOE COOTHOIICHHE 3aIllMChIBACTCA B TEPMUHAX TaK HA3bIBAEMOW MAaTpPHUIIBI

nepexona uin I MaTpyIbl:

Y Y T+ T b (3.6)

n'=1 m'=—n’

S Y T+ T b G.7)

n'=1 m'=—n’

HJIN, UCITIOJIb3Ys KOMIIAKTHBIC MAaTPHUYHBIC 0603HaquI/Iﬂ,
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p a T T?|a
- T — ) (3.8)

d b T T*|b
@opmyna (3.8) sBAsSETCS KpaeyroJbHbIM KaMHEM 1-MAaTpUYHOIO METOJa.
HelictButenbHo, ecnu 1 Matpuia u3BectHa, To (3.3)—(3.7) maroT paccessHHOE ToJie
MOBCIOJIy 3a IpelejaMy HauMEHbIIEW omHMcaHHOW cdepsl o0bekTa. bonee Toro,
HETPYAHO MOJIYYUTH OOIIyI0 GOpMYITy Uil TEH30pa paccesHus B JajbHEH 30HE BCETO
0o0BbeKTa (a 3HAYUT U JUIsI aMIUTUTYJHOW MaTpHILBI paccesHus, (pa3zoBoil MaTPULBI U

MaTpPHULIbI SKCTUHKIIHH):

z(ﬁsca, ﬁinC) — 4]'(_77: 2 in'—n—l (_1)m+m'd”dn, exp[i(m¢sca _ml¢in0)]

1 7
nmn m

% {[Tll /Cmn(esca) +iT21 , /B (esca)] ®C*» ,(eim)

mnm'n mnm n mn mn

+[-iT2 . C (0*H)+T2 B (0*)®B, (0™). (3.9)

mnmn mnm n

dyHIaMEHTaIbHON OCOOCHHOCTHIO 7-MaTPpUYHOTO METO/A SIBISETCS TO, UTO
MaTpuia T 3aBUCUT TOJIBKO OT PU3NYCCKUX M TCOMETPUUCCKUX XapaKTEPUCTUK pacce-
MBAIONIET0 00BEKTa (TaKUX KaK TMOKa3aTelb MPEJIOMIICHUS, pa3Mep MO0 OTHOUICHUIO K
JUIMHE BOJIHBI CBeTa, MOP(MOJIOTUS U OpPUEHTAIMs MO OTHOIICHHWIO K JabopaTopHOI
CUCTEME KOOPAMHAT) U COBEPUIEHHO HE 3aBUCUT OT HAIPABICHUI pacpOCTPaHEHUS U
MOJISIPU3ALMI AJAIOIIET0 U PACCESHHOrO MOJIe. DTO O3HAYaeT, 4To OAHA U Ta ke T
MaTpHIla MOXKET OBITh HCIIOIBb30BaHA TMPHU pacueTax s JII0OOT0 HampaBlICHUS pac-
MPOCTPAHEHUS U JTIFO00M MOJISIpU3AIUH TAJAF0IIEeH TITOCKON BOJIHBI.

Xots B obmiem cimydae pazmep 1 marpuiiel B (3.8) u (3.9) OGeckoneueH, Ha
[PAKTUKE NPUXOAUTCA €ro OrpaHnuuBarh. [l03TOMYy BaXXHOW COCTaBHOM YacThIO
JT000T0 KOMIBIOTEPHOTO pacyeTa, OCHOBAHHOTO HAa 7-MaTpUYHOM METOJIE, SIBJISETCS
IIPOBEPKA YUCIEHHOM CXOJUMOCTH pe3yJibTaTa C IIOIIArOBbIM YBEIMYEHHUEM pa3mepa 1’
MAaTpPULBI.

T-MaTpUYHBIA METOJI SBIAECTCS HEMOCPEACTBEHHBIM 0000IIEHNEM CTaHIAPTHOU

Teopun Mu Ha ciayuyail Hecpepuueckux 4yacTull. JleMCTBUTENBHO, €CITU pacCerBaTENb
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ABJIAETCSA CPEPUUECKH CUMMETPHYHBIM, TO I MaTpHlla CTAHOBHUTCSA JIMAarOHAJIBHOM,
IIPUYEM JMATOHAJIBHBIE JJIEMEHTBHI JAKOTCS, C TOYHOCTBIO JI0 3HAKa, COOTBETCTBY-

oMMy ko3 dunmenramu Mu a, u b, [194, 263]:

T2 (P)

’ o,
mnmn

0, T2 (P)=0,

mnm’n

Tll (P) = _5mm'§nn'bn’

’ o,
mnm n

T22 (P) = =0 '6nn'an’

’ o,
mnmn mm

rae o, . — cuMBos KpoHekepa. OTo NpuBOAUT K TOMY, 4TO BCE QOpMyJibl 7-MaTpHy-

HOT'O METO/JIa CBOAATCS K OOBIYHBIM (popMyiaM Teopun Mu.

3.2. TpauchopmauuoHHbIe CBOIicTBa T MATPHULIBI

KiroueBbIM TOCTOMHCTBOM 7-MaTpUYHOTO METOAA SBISAETCS HCIOJIB30BAHME
GYHKIUIT 3€HUTHOTO M a3UMYTaJbHOTO YIJIOB C XOPOIIO HM3yYEeHHBIMA U OYEHb
yAOOHBIMU aHATUTUYECKUMH CBOMcTBaMU. CIIEICTBUEM STOTO SIBISIETCS COBOKYITHOCTb
YHHUBEPCAIbHBIX AaHATUTUYECKUX CBOMCTB 1 MaTPULBI, U3 KOTOPBIX CAMBIMUA BA>KHBIMU
ABJIAOTCSL 3aKOHBI TpaHcpopMmauuu 7 MaTpulpl OpH MOBOPOTaX M TPAHCIALUAX
CUCTEMBI KOOPAUHAT.

PaccMoTpum n1a00paTOpHYI0 CHUCTEMY KOOPAMHAT L W JIOKAJIBbHYIO CHUCTEMY
KOOpAMHAT P, HEMOABI)KHO CBSI3aHHYIO C PAacCEUBAIOIIMM OOBEKTOM (YacTUIeH).
Hauana 3Tux cucteM KOOpJWHAT COBNAJAIOT U HAXOSATCA BHYTPHU 4YacTullbl (puc. 3.2).
[lycts yrnel o, S W p, Ha3pIBaeMble YyIJIaMH TMOBOpoTa Oinepa [4], mepeBoOAsT
cucteMy KoopauHaT L B cucteMy koopauHaT P. Oka3bpIBaeTcs, YTO CBSA3b MeXIy 1
MaTpULIAMH, BBIYMCIEHHBIMH B 3THX JIBYX CHCTEMax KOOPAMHAT, JAECTCS CIEAYIOLIUM

MIPOCTBHIM COOTHOIIEHUEM [263]:

’
n n

Tnfrlzm'n' (L9 a, ﬁ’ y) = Z D;ml (a’ ﬁ’ y) Tryﬁlnmzn' (P) D;:;;m' (_ Vs _ﬁﬁ _a)>

my=—nm,=-—

k1=1,2,  (3.10)
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Puc. 3.2. VYruel Ditnepa, nmpeobpasyroniue 1adopaTop-
HYI0 CHCTEMY KOOpAMHAT (X, ), Z) B CUCTEMY KOOpJHU-
nar (x’, ), z"), cBA3gHHYIO C YacTULIE.

tne D (a,B,7) = exp(—ima)d .(B)exp(—im’y) — snamenutsie D ¢pyHkimu Burne-
pa [4].

AHaJIOTUYHO, PaCCMOTPUM OJHY M Ty K€ 3aJady paccesHus B JIBYX CHCTEMax
KOOpJIMHAT, HMMEIOIINX OJWHAKOBBIE IMPOCTPAHCTBEHHBIC OPUEHTAIIMU, HO pa3HbIC
Havana (puc. 3.3). IlycTe BekTOp I;, COEOUHSET HAa4yajl0 CUCTEMBbl KOOpAMHAT 1 C

HayaJioM CUCTEMbI kKoopauHaT 2. Toraa cooTBeTCTBYIOMME T MaTPUIIBI CBSI3aHBI APYT C

PacceuBarommii
00BEKT

Puc. 3.3. Bekrtop r,, IepeBOaUT CUCTEMY KOOpAUHAT 1
B CHCTEMY KOOpPJIHHAT 2.
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IPYrOM CIEAYOIIHUM JIMHEWHBIM COOTHOIIEeHHEM [177]:

Tll(z) T12(2) B |:RgA(kll’12) RgB(klrlz)j| Tll(l) le(l)
T7(2) T22)] |ReBlkr,) ReAkr,)||T(1) T2()

% |:RgA(—kll'12) RgB(_k1r12):|. 3.11)

RgB(_klrlz) RgA(_k1r12)

Martpuiel mo obeum ctoponam 7' Matpuilbl B mpaBoid yactu (3.11) coctosT u3 koad-
(bUIIUEHTOB, MOSIBISIOMIUXCS B XOPOIIO U3BECTHOM TPAaHCISILIMOHHON TeopeMe i BEeK-
TOPHBIX CEpUYECKUX BOITHOBBIX (QyHKIUN [263] m mopmaromuxcs 3¢dekTuBHOMY

YUCJICHHOMY pacuery.

3.3. AHAIMTHYECKOE YCpeHeHHe 10 OPUEHTANUSAM YACTHI

Cootnomienue (3.10) paaukanbHO yHpoOIIaeT YCpPEAHEHHE MHOTHX CBETOpac-
CEMBAIOIIUX CBOMCTB IO OpPHEHTAIMAM YacTHIl B popmyinax (2.51)—(2.55) u no3Bossier
BBIMIOJIHATh COOTBETCTBYIOIIME pPACUEThl AHAIUTHYECKM WM KBa3UAHAIUTHYECKHU.
Hanpumep, ceyeHue paccesiHus B pacueTe Ha OJIHY YACTHILy, YCPEIHEHHOE IO aH-
camMOJII0 XAaOTHYECKH OPHUEHTHUPOBAHHBIX YACTHUI[ OJMHAKOBBIX (OpPMBI U pa3Mmepa,

JaeTcs cleayromel 3amedaTenbHo npoctoi popmysoit [133]:

2r < 11 2
(C) = = TR Y [T (P) + T2, (P (3.12)

n=1 m=-n

JpyrumMu ciaoBaMu, JJI HAXOXKJCHHUS CPEIHEr0 CEUCHUs] SKCTUHKIMU TpelyeTcs
BBIYUCIIUTE 1" MATPHILy BCETO JIMIIb OJWH Pa3, IPUYEM [0 OTHOLICHUIO K TPOU3BOJILHO
BBIOpaHHON CHCTEME KOOpJMHAT, a 3aTeM MPOCYMMHUPOBATh €€ JAUaroHaJIbHbIC
ANIEMEHThl. AHAOTUYHasi (opMysa AJig CPEIHEr0 CEUYECHMsI PACCESIHUS OKa3bIBAeTCS

v 1
JIMIIb HEHAMHOTO 0oJjiee cioxHou [11]:

' Cnemyer ormeruts, uto Qopmyinst (3.12) u (3.13) 6bliM HE3aBHCHMO M NPAKTHYECKH
OJIHOBPEMEHHO MoJy4eHsI B [20].
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2 2

C=FETT T T M (P (3.13)

n=1 m=—n n’=1 m'=—n" k=1 I=1

KBaznanaauTudeckuii pacder 3JeMEHTOB MaTPHUIIbl PACCESHUS I XaOTHYECKH
OpPUEHTUPOBAHHBIX 4YacTHUIl Takke Bo3MoxkeH [101]. Omgnako 3HauuTeNbHO Oo0JEe
3 PeKTUBHBIN MOIX0MA, pa3pabOTaHHBIM IUCCEPTAHTOM, OCHOBAaH Ha CIETYIOIIEM
Pa3NIOKEHUU DJIEMEHTOB HOPMAJIM30BAaHHOW MaTpHuIlbl paccesHus (2.59) no 06001ieH-
HBIM cepuueckuM (QyHKIMsIM P (cos @) wnM, 4TO, MO CYTH, SKBHUBAJIEHTHO, MO d

¢yukuusam Burnepa d (©)=1""P, (cos®) [61, 88, 110]:

mn

a,(0) = Y oy Py(cosO) =Y a/d(0), (3.14)
s=0 s=0
a,(0)+a,(0) = Y (a3 +a3) Py(c0s @) = Y (a; +a3)d3(0), (3.15)

s=2 s=2

0,(0) = ay(0) = Y (a; — ) B, ,(cos @) = Y (a; —3)d; ,(6), (3.16)
s=2 s=2

a,(0) = 3 a;Py(cosO) = ¥ a;ds,(O), (3.17)
s=0 s=0

b(0) = Y fiBicos®) = =Y fid3(O). (3.18)
s=2 s=2

b,(0) = ¥ BiPy(cos®) = =Y B1d;,(6). (3.19)
s=2 §s=2

Uucno HeHysneBbIX ujieHOB B pasyoxeHusx (3.14)—~(3.19) saBnsercs, B NPHUHIHUIIE,
O0eckoHeuHbIM. OJTHAKO Ha MPAKTHKE TU Pa3N0oKEeHHsI OOpBIBAIOTCS, U BEPXHUH Ipe-
A€l CyMMHpOBAaHHS S . BBIOMpAeTCs TaK, YTO KOHEYHBIE CyMMBI OTIIMYAIOTCA OT
COOTBETCTBYIOIIUX 3JIEMEHTOB MAaTpPHIIbl pPACCEsHUS Ha BCEM MPOMEXKYTKE YIJIOB
paccesaust O € [0, 7] He Oomble, YeM Ha 3apaHee 3aJaHHYI0 MATYIO BETUYMHY.
OOmmM CcBOWCTBOM 3jeMeHTOB Matpuiibl [(P) wu ko3 PHUIUCHTOB B

paznoxenusx (3.14)—(3.19) sBusgercss ux HE3aBUCUMOCTh OT KakuX Obl TO HU OBLIO
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YTJIOBBIX MEPEMEHHBIX, OYJb TO YIJIbI DWJiepa WM YroJl PacCesiHUs, U OT COCTOSHUS
MOJISIpU3alMM NaJAroMero u3inydeHusd. [103ToMy MOXHO 0XXHAATh, YTO CYLIECTBYIOT
npsIMble aHATUTUYECKUE COOTHOILIEHUS, HEMOCPEACTBEHHO BhIpaXkarolue Kodduiu-
€HTBl Pa3IOXKEHus a,, ao,, 0;, 0, f; U B, i aHcamMOIsd XaOTUYECKU OPHUEH-
TUPOBAHHBIX YaCTHUI[ 4yepe3 dJeMeHThl (ukcupoBanHou 7T marpumbl T(P), BbIYHC-
JIEHHOM MO OTHOILLIEHUIO K IPOU3BOJIBHO BEIOPAHHOW CUCTEME KOOPIUHAT. DTH COOTHO-
HIeHUs OBbLIM JEeHCTBUTENBHO MOJy4YeHBbl B pabote muccepranta [139] ansa ciydas
OCECMMMETPUYHBIX YacTHIl U ObLTM 3aTeM OOOOIIEHBI HAa CIIy4ail 4YacTHUI[ MPOU3-
BOJILHOU (popMmbl B [125]. OxoHYaTENbHBIE aHATUTUYECKUE BBIPAXKEHUSI OKA3bIBAIOTCS
cymectBeHHO cioxHee dopmyn (3.12) u (3.13) u BKIOYAOT B ceOsl MPOU3BEICHUS
anemeHTOB Matpunbl T(P) u koddpdunmentos Kieoma-Iopnona. Tem He MeHee,
peKyppeHTHbIE (HOPMYJIIBI IS pacueTa MOCIEIHUX XOPOIIO W3BECTHHI [4], Oiaromaps
4eMy COOTBETCTBYIOIIUH alTOPUTM pacdeTa KOdQPHULUUEHTOB a,, &, a;, 0y, p U B,
OKa3bIBaeTCA 3HAUUTENBHO 3P (PEeKTHBHEE MPSIMOr0 YUCICHHOTO MHTETPUPOBAHUS IO
yriaaMm Oilliepa M coKpam@aer kommberorepHoe Bpems B 50-200 pa3. boisee Toro,
0Ka3aJI0Ch BO3MOKHBIM pa3paboTaTh MPOCTYIO0 aBTOMATHUECKYIO MPOLEAYPY IPOBEPKU
CXOJIMMOCTH pacueTa C MOIIAaroBbIM yBeJIMueHUEeM pazMepa 1 matpuusl [145], uro emre
6onee yBenuumio 3PPeKTUBHOCTb PACUETOB.

Hpyrumu npumepamu nnpumeHeHust Gopmysst (3.10) sBIAIOTCS BBIBOJA aHAIU-
TUYECKOW (OPMyNBI ISl CHUJIBl  PAJUMAIMOHHOTO JaBJICHUS HAa XaOTHYECKH
opueHTHpoBaHHbIE YacTUIbl [138] U BBIBOA (QOpPMYIBI IJii MATPULBI SKCTUHKIIHMH,
YCPEIHEHHON MO aKCHAJIbHO CUMMETPHUYHOMY paclpeesieHHuI0 Hec(hepruuecKux 4acT-

u1 1o opueHTanusam [137, 140].

3.4. YayuuieHue cX0OAUMOCTH 7T-MaTPUYHOI0 METOa

Kak y»xe orMmeuanock, pacuer 7 MaTpHUIbl IJIs1 paCCEUBAIOIIETO O0OBEKTA B BUJIC
€IMHOTO TEOMETPUYECKH CBSI3HOTO TeJla OOBIYHO BBHITIONHSACTCS MPH TOMOIIY METOAa

pacmmpeHHoro TpanmdHoro ycnoBus (extended boundary condition metod, wim
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EBCM) [280]. B pamkax 3toro nogaxozaa 7 marpuna T(P) mpeactaBisieTcs B BUIC
T(P)=-(RgQ)Q", (3.20)

rae aneMeHThl Matpull Q u RgQ sBisitoTcs MHTErpajlaMM OT BEKTOPHBIX IPOM3-
BEJICHUN BEKTOPHBIX C(EpUUYECKUX BOJHOBBIX (YHKUIHUNA TO MOBEPXHOCTH pacceu-
BaTeNs U OOBIYHO BBIUKCISIOTCS MPU MOMOIIY MOAXOASIINUX KBaApaTypHBIX (POpMYIL.

UYucnennbiii pacuer 7 wmarpuibl no @opmyne (3.20) yacTo oOKa3bIBaeTCs
npo0JieMaTUYHbIM, OCOOCHHO KOTJ]a PAacCEUBAIOIINNA OOBEKT UMEET OOJBIION pa3mep
0 OTHOIICHWIO K [JIMHE BOJIHBI CBETa, OOJBIIOE OTHOIIEHHWE HaWOOJBIIEro K
HaUMEHBIIEMY pa3Mepy W/WIM CPABHUTENHHO OOJIBIION OTHOCHUTEIBHBIM MOKa3aTelb
peIOMIICHHS. ITO OOBSCHSAETCS TE€M, YTO MOIBIHTETPAIbHOE BBIpAXKEHHE B (HOpMyIie
JUI pacueTa JJIEMEHTOB MaTpuilbl Q MOXKeT OCIWUIMPOBATH B OUYCHBb OOJBIINX
npenenaax, TakUM 0Opa3oM, MPHUBOMAS K IMOTEpe YUCICHHOW TOYHOCTH. boiee Toro,
MPOIIECC YHUCICHHOTO oOpaineHuss Marpuibl Q TMI0X0 OOYCIIOBJICH M TaKKe CTaHO-
BUTCS HEYCTOWYUBBIM. DTU TPYAHOCTU OCOOEHHO XapaKTEPHBI JUIsl YACTHUIL C HYJIEBOM
WIK OYeHb MAJIOW MHUMOM YacThIO MOKa3aTess MPEeTOMIICHHUS.

B kauecTBe HWIUTFOCTPAIUH TOUYCHYHAA KpHUBasd Ha pUC. 3.4a noka3bIBaeT BCIIMYNHY

KCot (M) = {Coxe (e =D KCoea(10)) = {Cota (e = )|
max D
<Cext(nmax)> <Csca(nmax)>

(3.21)

Kak (yHKUUIO napaMerpa 7, (BEpXHHUH NIpelesl CyMMHPOBAHMs IO HHIEKCY # B
dbopmynax (3.12) u (3.13)) ana XaoOTUUECKH OPUEHTUPOBAHHBIX CIUTIOCHYTHIX cepou-
JIOB C OTHOILIIEHUEM OCEH, paBHBIM 3, OTHOCHUTEJIbHBIM IOKA3aTeJIeM MpPETOMIICHHUS
m =1.5+10.02 u pa3mMepHBIM IapaMeTPoOM X, = 277, / A, =15, rne r, — paguyc chepsl,
UMEIOIEH Ty JK€ IUION[aJb IMOBEPXHOCTH, 4YTO U cdepousl. PesynabTaThl ObUIH
MOJIy4eHbl TPU MOMOIIUM KOMIIBIOTEPHOTO KOJa, HCIOIb3YIOLIEro BEUIECTBEHHBIE
NepeMEHHbIC YJIBOCHHOM TOYHOCTHU (TMepeMeHHble Tuma REAL*8 B CTaHIApTHOM

s3pike  mporpammupoBanuss FORTRAN), u TunuyHOM mporieAypbl MaTpUYHOTO
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Puc. 3.4. CxoauMocCTh pas3UYHBIX BEPCUN KOMIIBIOTEPHOTO KOJIa,
ocHoBaHHOTO Ha MeToJiec EBCM (mosicHEHUsI B TEKCTe).

oOpaleHusi, OCHOBAaHHOM Ha TayCCOBOM MCKJIIOUYCHHH C YAaCTUYHOHN TI0JICTAaHOBKOM.
OuyeBHIHO, YTO IS JTHX 4YacTHI[ KOJ obOecreynBaeT OBICTPYIO CXOJAUMOCTh U
OTJIMYHYI0O TOYHOCTH pacueToB. B To ke BpeMsa IITpuxoBas KpuBas Ha puc. 3.4a
JEMOHCTPUPYET HECTAOMIBHOCTh PACUYETOB C YBOCHHOM TOYHOCTBIO JIJISI XaOTHYECKU

OpPUEHTHUPOBAHHBIX BBITIHYTHIX C(PEPOUIOB C OTHOIICHHUEM OCEH, paBHBIM 4, OTHOCH-
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TEJIBHBIM TIOKa3zareneM mpeiomiieHus m =1.54+10.02 wu pa3MepHbIM TapameTpoM
x, =16.

Kak Opmo moxazano B [167, 186], 3d¢deKkTUBHBIMU NpUEMaMH YIy4IICHUS
CXOJUMOCTH PacyeTOB, OCHOBAHHBIX Ha METOJIE€ PACIIMPEHHOTO T'PAHUYHOI'O YCIIOBHS,

ABJIAROTCA:

® BBIYKCIICHUE 3JIEMEHTOB MaTpuIll Q W ee oOpaleHne ¢ UCTIOIL30BAHUEM YUET-
BEPEHHOU TOYHOCTH (BEILIECTBEHHBIE MEpeMEHHbIE TUIla REAL*16);
e o0paimeHne TON MaTPUIlBI MPU MOMOIIU CIICIUATFHON BEPCHUHU TaK Ha3bIBaec-

moro metona LU dakropuzamnmm.

HecMoTpst Ha CBOIO KaXKYIIyHOCS TEXHHYECKYIO MPOCTOTY, 3TH MPUEMBI CIIOCOOCTBO-
BaJI PAJIMKAIIBHOMY PACIIMPEHUIO 00JJACTH TPUMEHUMOCTH 7-MaTpUYHOIO METO/IA.

Jis unmroctpanuu 3¢ (GEeKTUBHOCTH IEPBOTO MpUEMa CIUIOIIHAS KpUBasi Ha PHUC.
3.4a moka3pIBaeT CXOAUMOCTD PACYETOB, OCHOBAHHBIX Ha MCIIOJIb30BaHUY ITIEPEMEHHBIX
YYETBEPEHHONW TOYHOCTH. O4YeBUAHBI OBICTPAsl CXOAUMOCTb U OTIMYHAS TOYHOCTH
pe3yJbTaTOB Ui TEX K€ YAaCTUIL], YTO OKAa3aJIUCh «HENOCWIBHBIMW» I KOAQ,
OCHOBAHHOI'0 Ha YJBOEHHON TOYHOCTH pacueToB (mrpuxoBas Kpusas). [Ipum sTom
MPAKTHYECKU HE MOTPeOOBATIOCh MEHATh KOMIBIOTEPHYIO MPOTpaMMy U CYIIECTBEHHO
YBEJIUYMBATh TPEOOBAaHUS K pa3Mepy olepaTUBHOM namsatu DBM.

Pucynok 3.4b ummoctpupyeT 3QQPeKTUBHOCTH BTOPOTrO NpHeMa Ha IMpUMepe
Xa0TUYECKH OPUEHTHUPOBAHHBIX BBITSHYTBHIX C()EPOUIOB C OTHOUIEHUEM OCEH, PAaBHBIM
4, OTHOCUTENBHBIM IOKAa3aTeJleM MpeIoMIIeHns M =1.5 u pasmepHBIM NapaMeTpoM
x, =16. IlltpuxoBas KpuBas MOKa3bIBAET, YTO KOJ C HUCIIOIB30BAHUEM YUYCTBEPCHHOU
TOYHOCTU M TayCCOBOI0 MCKJIIOYEHHS C YACTUYHOW MOJCTaHOBKOW He o0ecreuynBaeT
YUCJIEHHON CXOAUMOCTH -MAaTPpHUYHBIX PAacy€TOB, TOTJA KaK KOJA C UCIIOJIb30BAHUEM

y4ueTBepeHHOU TouHOCTH U LU (akropuzanuu gaeT 04eHb TOYHBIE PE3YIIbTaThI.

3.5. IIaker nporpamMM, OCHOBAaHHbIX Ha 7T-MaTPUYHOM MeTOe

[Taker 7-MaTpUYHBIX KOMIIBIOTEPHBIX MPOrpamMM, pa3pabOTaHHBIX JUCCEPTAHTOM,
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HAXOJWUTCS B CBOOOTHOM JOCTYIIe Ha JJIEKTPOHHOM cepBepe http://www.giss.nasa.gov/
~crmim ¢ 1996 rona u Hamen npuMeHeHue B 6osee yem 450 XypHaTbHBIX My OIMKAIHSIX.
DTOT MakeT MOXET ObITh MCIOJB30BAaH JUIS pacueTa CBETOPACCEHBAIOIINX CBOMCTB Kak
IIPOCTBIX OCECHMMETPHYHBIX YaCTHIl, TaK U KJIACTEPOB, COCTOSLIMX U3 OJIHOPOJHBIX
cepuueckux yactul. YacTHbIMU mpuMepamu sBISIOTCS chepounsl [168], koHEeUHbIE
KpyroBble mUIMHAPHL [176], deObImeBckue dYactuiel [169], mepecekarommecs wWin
«uenyronecs» mapbl [188], yceuennsie cdeprr [195] m arperarsl, cocrosimue u3
Pa3HECEHHBIX WJIM HaXOMSIIUXCS B KOHTakTe mapos [166, 173, 200] (cMm. puc. 3.5). Bo
BCEX CIIydasiX pacCceMBaTEeNd MOTYT JIMOO OBITh XaOTHUECKH OpPHEHTHpOoBaHHBIMU [139],

1100 HAXOIUTHCS B MPOU3BOJILHON (PHUKCUPOBAaHHOM opueHTaru [150].

| J 9 | J} v
D °5  .2%)
\E) : 7 Q J

Cdepouibr Krnacrepsr
(\\
1 I g‘
KpyroBbie nunuHapel "Lenyromuecs" mapsl
YeOBIIEBCKUE YaCTULBI YcedeHHbIN map

Puc. 3.5. Tunu4nbie MpUMEpHl pacCEeUBAIOIINX 00BEKTOB B 7-MaTpUy-
HBIX MPOrpaMmax, MOMEIICHHBIX Ha OOIIETOCTYITHOM KOMIIBIOTEPHOM
cepepe http://www.giss.nasa.gov/~crmim.

Pacuer T matpuupl JUisi MPOCTBIX OCECUMMETPUYHBIX YACTHUL] BBIMOIHIETCS MPU
oMoty Merona EBCM ¢ uCnosib30BaHMEM YHWCIEHHBIX MPUEMOB U aBTOMAaTHYECKOU
MPOLEAYpbl MPOBEPKU CXOAMMOCTH, OIMCAaHHBIX B pazaene 3.4. 7 Marpuubl A
KJIACTEPOB HAXOJIATCS MPHU MOMOIIM MeTo1a cyrnepno3utiuu [38, 57, 69, 194]. Tlocnenuuii

OCHOBaH Ha pa3JOKEHUM BCEX IOJIEW, BXoAsammx B ypaBHeHuss Ponpu—Jlakca, 1o
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BEKTOPHBIM C(HepUIECKUM BOJHOBBIM (DYHKILIUSM, HEHTPUPOBAHHBIM MM HA OTIEIBHBIX
cdepax, WM Ha Hayalle JIAOOPaTOPHOU cucTeMbl KoopauHaT. Kak Mbl yxe Bumenu, T’
MaTpula KaKAoM cepbl IUaroHajlbHA B JIOKAJIbHOM CHUCTEME KOOPAMHAT C HA4YajJOM B
1eHTpe chephbl U OMHUCHIBACT MpeoOpa3oBaHre KOAPPHUITMEHTOB PA3IOKEHUS YJACTUIHOTO
nojisi, Bo30Oykaaromiero cdepy, B KOI(PPUIMEHTH pPa3IOKEHUS COOTBETCTBYIOILIETO
YaCTUYHOI'O TOJIs, paccestHHOro cgepoil. Pemenune ypaBHenuit @onnpn—Jlakca paer
HEKYI0 MaTpHIly MEepexo/a, «UEHTPUPOBAHHYIO» Ha MHAMBUIYyabHBIX cepax. Mcmos-
30BaHUE TPAHCISIIMOHHOTO cooTHoueHus (3.11) mo3BossieT mepecyuTarh €€ Mo OTHO-
HIEHWIO K JIADOpPAaTOpHOM cHUCTEME KOOpAWHAT, JaBas TE€M caMbIM 1 MaTpully BCEro
KJIACTEPA KaK €IMHOIO pacCeuBaTEIIs.

UckmountensHas 3G(EKTUBHOCTh W IIMPOKUN JHANa30oH NPUMEHUMOCTH 1-
MaTpPUYHBIX [IPOrpamMM, pa3padOTaHHBIX IUCCEPTAHTOM Ha OCHOBE METOJA PACIIUPEH-
HOT'O TPAaHWYHOI'O YCJIOBHS, NPOWUJUIKOCTPUPOBAHbI HAa puc. 3.6. ToHKHE yepHbIE KpH-
BbI€ ITOKA3BIBAIOT UHAUKATPUCHI PACCESHHUSI, BBIYUCICHHBIE JUISI Xa0TUYECKU OPUEHTH-
POBAaHHBIX KPYIOBBIX LMIMHAPOB C OTHOCUTEIBHBIM II0KA3aTENIEM MPEIOMIICHUS
m =1.311, oTHOmIEHWEM [UIMHBI K JUAMETPy, PAaBHBIM €IMHHUIE, U Pa3MEPHBIM
napamerpoM x,, Mensrommmcs ot 40 no 180. 3nauenue x, = 180 sABisgeTcs cBOEO-
Opa3HBIM «PEKOPOM» B OMYOJIMKOBAHHBIX TOYHBIX pacderax ajs HecPepuyecKux
yactull. CieyeT, 0JIHaK0, OTMETHUTh, YTO 3TOT peKopJ ObLI1 ycTaHOBIEH B 1999 r. Ha
HacTtoiapHOM KoMriibtoTepe IBM RISC 397 [187] u k HacTosilieMy BpEeMEHU aJIEKO HE
OTPa)KaeT PealbHbIX BO3MOKHOCTEN 7-MaTPUYHBIX IPOTpaMM IIPU MPOrOHE HA COBpE-
MEHHBIX U 0oJiee MOIIHbIX DBM.

TosicThle cepble KpUBBIE HA TOM € PUCYHKE MOKa3bIBAIOT PE3YJIbTAThl pacye-
TOB, BBINOJHEHHBIX 0IpPH IOMOIIM METOAA TIeOMETpUYecKod ontuku [123, 194].
[Tocneauuii OB CrieUANBbHO pa3paboTaH KaK OTHOCUTEIBHO MPOCTOE TEOPETHUECKOE
MPUOJIMKEHUE K CTPOTUM pEUIEHUSIM ypaBHEHUI MakcBesula, NOTEHIHUAIbHO MpUMe-
HAMOE€ K YacTMLAM C pasMepaMH, HAaMHOI'O IPEBBIIAIOIIMMYU JUIMHY BOJIHBI CBETA.
CpaBHeHHE CTPOTUX M NPUOMIKEHHBIX pe3yJlbTaTOB Ha puc. 3.6, B YaCTHOCTH,

CBUACTCIBLCTBYCT, YTO TOYHOCTb MCTO/1d FGOMGTpH‘-IGCKOﬁ OIITUKN CTAHOBUTCA IIPHUCM-
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Puc. 3.6. CpaBHeHue cTporux 7-MaTpUUHBIX PAacCUETOB U PACUETOB C
MCIIOJIb30BAaHUEM TIPUOIUKEHUS TEOMETPUUECKON ONTUKH.

JIEMOM TOJIBKO IIPH 3HAYEHMSIX Pa3MEPHOTO IapaMeTrpa, npesbimaromux 180.
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Bce T-maTpuuHble TporpaMMbl, MOMEIIEHHBbIE Ha OOIIEIOCTYIHOM CepBepe
http://www.giss.nasa.gov/~crmim, MpOILIN TIIATeILHOE TECTUPOBAHUE U TIPOBEPKY IO

OTHOILIIEHUI0O K METOJAY pasleieHus IMepeMeHHbIX it chepouno [87]. bwuio
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YCTaHOBJICHO, YTO CyOBEKTHMBHAsI OLIEHKA TOYHOCTH PacyeToB, OCHOBAHHAs HAa BHYT-
PEHHEM KPHUTEPUU CXOJUMOCTH, SBIISETCS TaKKe OOBEKTUBHON OIICHKOW TOYHOCTH.
OdeHb BBICOKAS TOYHOCTH 1-MaTPUYHBIX BBIYHCIHMTENBHBIX MpPOTpaMM ObLIa HCIIOJb-
30BaHa JJIsl TIOJyYeHHsI TECTOBBIX pe3yibraTtoB (benchmark results) ¢ msareio u Gornee
3HAYalIMMHU [U(PpPaMH, KOTOPbIE MOTYT OBITh HCIOJB30BAaHBI JUIS TPOBEPKH JIPYTHX
CTPOTHX M TMPUOIMKEHHBIX METOIMK pacyeTa CBETOPACCEUBAIOIIMX CBOWCTB Hechepu-
yeckux vactull [87, 136, 139, 150, 174, 176, 194]. MHOro4rclieHHbIE BPEMEHHBIE TECThHI
MOKa3aJM, 4yTo OBICTpOAEHCTBHE 7-MaTPUUHBIX MPOrpaMM, pa3pabOTaHHBIX JHUCCEPTaH-
TOM, HE UMeeT ce0e aHaJIorOB, B OCOOCHHOCTH TMPH pacdeTax Uil XaOTUYEeCKU OpUEHTHU-
POBaHHBIX YaCTHII.

MHorouucieHHble TpUMEpbl UCIOJIB30BAHUS OMUCAHHBIX BBIIIE 7-MaTPUYHBIX

KOMIIBIOTEPHBIX MPOrpaMM OyIyT NPUBEIECHBI B IOCIEAYOIIUX TIaBax.

3.6. OcHOBHBIE pe3yJIbTATHI

Heﬂblﬁ pAaa CI)YHI[aMeHTaJ'IBHBIX " IPAKTUYCCKUX PE3YJIbTATOB, H3JIOKCHHBIX B
ATOH r1aBe, SABJIAIOTCA OpUTHMHAJIBHBIMHA U BBIHOCATCA HA 3allUTY. K nanboiiee BaKHBIM

N3 HUX OTHOCATCA CICAYIOIINC:

1. BeBox 3akoHa mpeoOpa3zoBaHusi I MaTpuIbl MpPU MapajUIeNbHBIX IEpPeHOcaX
(TpaHcsIusAx) cucTeMbl koopauHat [177].

2. Pazpabotka 3(ppexkTuBHBIX (KBa3M)aHAIUTUYECKUX METOJOB pacdyeTra CBETOpac-
CEUBAIOILIMX CBOMCTB aHCaMOJEil XaOTUYECKU WJIM aKCHAJIbHO OPUEHTHPOBAHHBIX
Hecepuueckux yactun [11, 133, 137, 139].

3. Pa3zpabGortka oOmieit 7-MaTpuyHOW TPOLETYPHI pacdyeTa CBETOPACCEHBAIOIINX
CBOMCTB Hec(hepuuecKoi YacTUIIbI, HAXOIALICICS B MPOU3BOIBHON (DPUKCUPOBaH-
HOM OpHEHTAlMM MO OTHOILIEHUIO K J1a0OpaTOPHON CHCTeME KOOpAWHAT, MpH
MIPOM3BOJIBHBIX HAIIPABICHUAX OOMyUEHUS U PACCESHUS MO OTHOLIECHUIO K TOM ke
cucreMe koopauHat [150]. Dra mpouemypa oCOOCHHO mMoOJie3HA MPU PELICHUU
YpaBHEHUS MEPEHOCA U3IIyUYEHHs] B aHM3OTPOIHBIX Cpelax, COCTOSIIMX U3 Mpeu-

MYILIECTBEHHO OPHUEHTHPOBAHHBIX HECPEPUUECKUX YACTHII.
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Pa3paboTka 3(hpeKTUBHBIX CPECTB YAYUIICHUS CXOUMOCTH PACUETOB MO METOLY
PaCIIMPEHHOT0 TPAHUYHOTO YCIIOBHS, KOTOPbIE CIIOCOOCTBOBAIM KapAUHAIHLHOMY
paCIIMPEHUIO 00IaCTH IPUMEHUMOCTH T-MaTpuuHoro Meroaa [167, 186].
Pa3zpaboTka makera MCKIIOUYUTENBHO 3()PEKTUBHBIX M yIOOHBIX JI1 UCIOJIH30B-
aHusg T-MaTPUYHBIX TPOTPAMM, IPUMEHUMBIX K ITHPOKOMY KPYTY MPAKTHIECKUX
3a/a4, ¥ pa3MENICHHe 3TOTrO IMaKeTa Ha OOMIeIOCTYIMHOM cepBepe http://www.
giss.nasa.gov/~crmim [ 186, 194].

Hcnonp3oBanne T-MaTpUYHBIX MPOTPAMM JUIS MOJYYEHUS MHOTOYHCICHHBIX TeC-
TOBBIX PE3yJIbTATOB, MPEJHA3HAYCHHBIX JIJIsl TPOBEPKU abTEPHATUBHBIX TEOPETH-

yeckux Metoauk [136, 139, 150, 176, 194].
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I'/TABA 4

OJHOKPATHOE PACCESAHUE CBETA MOHOJIUCIIHEPCHBIMUA U
HOJIMANCHHEPCHBIMUA YACTUIIAMHA

3HaHUE XAPAKTEPUCTUK AIEKTPOMATHUTHOIO PacCEesHUs B JaJIbHEN 30HE HEOO-
XOIUMO ISl aHaldu3a Ja0OpaTOpPHBIX H3MEPEHUN paccesHHs CBETa OJMHOYHOU
YACTUIIEH, B3BELICHHOM NMPU MOMOIIM METOJAa ONTHUYECKOW WIIA 3IEKTPOCTATUYECKON
neButaluu. Te ke XapaKTepUCTUKU, HO YCPEITHEHHbIC IO aHCAMOJIIO0 YaCTHI], BXOST B
dbopMyIbl TpUOIKEHUsT OAHOKpaTHOTO paccesHus (2.51)—~(2.55) u, kak Mbl YBUIUM B
JaJbHeWIeM, B ypaBHEeHUE niepeHoca (6.5).

PazHooOpaszue ¢opMm, pasmMepoB W XMMHUYECKHX COCTABOB YACTHI], BCTPEUAFO-
IUXCS B TMPUPOJIE W B UCKYCCTBEHHBIX YCIIOBHSIX, KaXKETCA OC3rpaHUYHBIM.
XapakTEepUCTUKU OJIHOKPATHOTO PACCESTHUS MOHOAMCIEPCHBIX U MOJTUAUCIEPCHBIX
chepruyecKkux 4acTull MOTYT OBITh OTHOCHUTEIBHO JIETKO BbIYMCIEHBI Ha DBM mpu
MOMOIIM Teopud MU U K HAcCTOAIIEMY BpeMEHHM Xopoino u3ydeHol [194]. Omgnako
OOJBITMHCTBO YaCTHI], BCTPEYAIONINXCS HA MPAKTHKE, SIBISIIOTCS HECHEPUUICCKUMU H
MOTYT UMETh BEChMa CJIIOXKHYI0 MOP(HOIOTHIO. ITO OOCTOSITEILCTBO JENIaeT BaXKHBIMU
U aKTyallbHbIMU CTPOTHE pacyueThbl OJIHOKPATHOTO pAaCCEesHUSA CBETa Ha YacTUIlAX,
3aBEJIOMO OTIUYAIOIINXCS MO (hOpPME OT UACATBHBIX cep.

brnaromapst cBoelt uckitounTeIbHON 3(PGEKTUBHOCTH U IMUPOKOMY TUAMIA30HY
BO3MO>KHOCTEH, 7-MaTpUYHBIA METOJ aKTUBHO HCMOJIB30BAJICS JJISl pacueTa CBETOpac-
CEUBAIONINX CBOWCTB HeC(hHEepUIeCKuX W MOP(OJOTHYECKH CIOXKHBIX dactwil. [lpm
TOM BaXHBIM (PAKTOPOM CIYXKHJIO TO, YTO BIUIOTH JO HACTOSIIETO0 BpeMeHu 7-
MaTpPUYHBIE TPOTPAMMBI, pa3pabOTaHHBIE ITUCCEPTAHTOM, OCTAIOTCS €1Ba JH HE
€MHCTBEHHBIM MPAKTUYECKUM CPEACTBOM CTPOTOr0o TEOPETHUYECKOr0 aHallh3a OJIHO-
KPaTHOTO pPacCEesHUsI CBETA MOJUIUCIICPCHBIMH aHCAMOJISIMU Ha OCHOBE MAaCCOBBIX
pacyeToB ISl JIECSITKOB U COTEH ThICSY WHAMBUIYAIbHBIX XaOTHYECKH OPUEHTHU-

POBaHHBIX HEC(HEPUIECKUX YACTHII.
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[TorpeboBanock OBl CIAMIIKOM MHOTO MecTa Ui TOTO, 4YTOOBI MOAPOOHO
U3JI0KUTh U IIPOAHAIU3UPOBATh BCIO COBOKYITHOCTh 7-MaTpUYHbBIX PE3yJIbTaTOB, OITy0-
JMKOBAaHHBIX JMCCEPTaHTOM K HacTosmeMy BpeMeHU. [losTomy 3amada 3TOH TIIiaBbl
OyZeT 3aKI04YaThCs B OMMCAHUU JIUIIb HECKOIBKUX BAXKHBIX U MOYYUTEIbHBIX PE3yib-
TaTOB, JJIA MMOJTYYEHUSI KOTOPBIX MOTPEOOBAIOCH UCIIOJIB30BATh BECh apCEHANI YHUKAIIb-
HBIX CPEJICTB, MPEIOCTABISIEMBIX HAaMOOJIEE COBPEMEHHBIMH BEPCUAMH 7-MaTPUUHBIX

KOMIIBIOTCPHBIX ITPOTrpaAMM.

4.1. OnTuyeckue pe30HAHCHI

N3 teopun Mu X0pomo U3BECTHO, YTO PACCESIHUE TUIOCKOM 3JIEKTPOMArHUTHOM
BOJIHBl HA WACAIBHOM JUAJIEKTPUYECKOM IIape NPHUBOJAUT K BO3HUKHOBEHHUIO
UHTEP()EPEHITMOHHOM CTPYKTYPHI U ONITUYECKUX PE30OHAHCOB B BUIE BHICOKOUYACTOTHOM
psOM U CBEpXy3KHX NHUKOB WM MPOBAJOB Ha TpaduKax pa3IndHBIX CBETOPACCEH-
BAIOLIMX XapaKTePUCTUK Kak (DYHKIWH pasMEepHOro mapamerpa x = 2zr/J, Tae r —
paauyc mapa [85, 194]. B To Bpemst kak nHTep(dEepeHIIMOHHAs CTPYKTypa 00yCIIOBIIEHA
uHTep(depeHIeit cBera, MPOMyIMeHHOTo U AU(GparupoBaHHOTO YaCTHUIICH, U SBIISET-
Csl IOCTaTOYHO YHHBEPCAJIbHBIM SIBICHHEM, PE30HAHCHI BbI3BaHbI TEM, UYTO 3HAMEHA-
TeJb B BBIPAKEHUU ISl OJHOTO U3 KO3PPUIIMEHTOB paccesHus Mu HaXxOguTcst B 00-
JIACTH JIOKAJIbLHOT'O MUHUMYMa.

[IposiBnenuss HMHTEPGEPEHIMOHHOW CTPYKTYpbl M PE30HAHCOB OCOOCHHO
HaIJIAIHBl HAa LBETHBIX AUarpaMMax, MOKa3bIBaIOUIUX 3JIEMEHTHl HOPMaJIU30BaHHOMN
MaTpULIbl paccessHUsl Kak (YHKUMU yria paccestHUsT W pa3MEpHOro MapaMmerpa.
JleiicTBUTENBHO, KaK XOpOLIO BUAHO Ha puc. 4.1, uHTepdepeHInoOHHas CTPYKTypa
JOMUHUPYET Ha rpaduke, BHIIOJIHEHHOM C HU3KHM pa3pelleHHeM, TOraa Kak Jua-
rpaMMBbI, TTOCTPOCHHBIE C MPOMEXYTOUHBIM (cM. pHC. 4.2a) u BbIcOKHM (puc. 4.2b)
pa3pellieHreM, BBISIBIISIIOT CHaYala mupokue (psiOb), a 3aTeM U CBEPXY3KUE PE30HAHCHI
[192].

XoTs mabopaTopHasi JEMOHCTPAIUS PO HE MPEICTABISAET TEXHUICCKUX CIIOK-
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40

30

Pa3mMepHsbIii mapameTtp
N
o

10

VYron paccessHus (rpan)

-100 -50 0 50 100
OtHomenne —b(®)/a;(®) (%)

Puc. 4.1. OTHOMIEHNE AIIEMEHTOB HOPMAIM30BAHHOW MATPHUIIBI pacces-
uust —b(0)/a,(O) s MOHOIUCIIEPCHBIX CHEPUYECKUX YACTHIL C OT-
HOCHUTEIIBHBIM TTOKa3aTesieM npenomiieHus m = 1.4 kak QyHKus yria
paccesHUs @ U pa3MEpHOTro Mapamerpa x = k,r.

HOCTeﬁ, HU3MCPCHUC l'IpO(I)I’IJ'ICfI CBCPXY3KUX PC30HAHCOB SBIIACTCA HGTpPIBPIEIJ'ILHOfI

HpO6J’I€MOﬁ. TeMm He MCHCC, TAKNUC U3MCPCHUA BCC HalIC HCIIOJB3YIOTCA JJIAA OIITUYCC-
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Pasmepnsiii napametp
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150 160 170 180 170 172 174 176 178 180
VYron paccesHust (rpan) VYron paccesiHust (Tpaj)
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-100 -50 0 50 100
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Puc. 4.2. To ke, yto Ha puc. 4.1, HO ¢ MPOMEKYTOUHBIM (CJI€BA) U BHICOKIM
(crrpaBa) pa3pelieHHEM.

KOTO ONpeACICHUS MUKPO(DU3NISCKHX XaPAKTEPHCTUK YaCTHIL. ITO OOCTOSATEIHCTBO
BBI3BIBACT 3aKOHHBIA BONPOC: HACKOIBKO (POpMa peallbHOW YACTHIBI JIOJDKHA OBITH
Onv3Ka K uaeanbHOl cdepe, 4TOOBl paccestHue Ha YaCTUIIC MPUBOIMIO K MOSBIICHUIO
CBepXy3Kux pe3oHaHcoB? [lockonbky yacTtuiia, oueHb Onu3kas mo ¢opme K chepu-
YEeCKOH, BpSAI JH MOXET WMETh NPEUMYIICCTBEHHYIO OPHCHTAIMIO B THITHYHBIX
7a00paTOPHBIX YCIOBHUSIX, OTBET HA ATOT BOMPOC TPeOyeT MaKCHMAJIBHO TOYHBIX
pacyeToOB CBETOPACCESIHHS U XaOTHYECKH OPUEHTHPOBAHHBIX HEC(HEPHUECKUX dYac-
TUIl. DTO 0OCTOSITEIHCTBO JIeTaeT HEM30€KHBIM HCIIOIB30BaHHE T-MaTPHUYHOTO METO-
na. JlefcTBUTENBHO, KaK YXe YIOMHHAJIOCh, OJHUM W3 BaXKHEHIINX MPEUMYIIECTB
ITOr0 MeETOoJa SIBISEeTCS (KBa3W)aHAIUTUYECKOE YCPEIHEHHE CBETOPACCEHBAIOIINX

XapaKTCPUCTHUK IO OPUCHTAIUAM 4YaCTUIL, B PC3YJIbTATC 4CTO YHUCJICHHAA TOYHOCTH HC
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YXYALIAETCsl 32 CUET MCIOJIb30BaHUS MPUOIMKEHHOW KBaapaTypHOH (DOpMysbl s
YUCJIICHHOT'O MHTETPUPOBAHUS 10 yriam JUiepa.

Pucynku 4.3—4.6 cyMMUpYIOT pe3yNbTaThl 7-MaTpUYHBIX PAacyeTOB AJs chepu-

24
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Pa3mepnsblii napamerp

Puc. 4.3. Pe3ynbraThl 7-MaTpUYHBIX PACUETOB AJISI CPEPUUECKUX
YaCcTULl U XaOTHMYECKH OPUEHTHUPOBAHHBIX CIUIIOCHYTBIX Cepou-
JIOB B 00JIaCTH pe30HaHca MU da,,.

YECKHUX YaCTHUI[ U XaOTUYECKU OPUEHTUPOBAHHBIX C(PEPOUIOB U UEOBIIIEBCKUX YaCTHIL

C OTHOCHUTEJIbHBIM TOKa3aTejaeM mpesiomiieHuss m =1.4 B o0jacTu pa3MepHBIX Mapa-
) 1

METPOB X, TP KOTOPBIX UMEET MECTO TAK HA3bIBAEMBIN pe30HaHC Mu a;, [195]. Mb1

MCIIONE3yeM TEPMMHOJIOTHIO, BBEIEHHYI0 B [50], COrnacHo KOTOpOW a,, SBISETCS

IIEPBBIM PE30HAHCOM, CO3/1aBAEMbIM KOd(uureHTtom Mu a,, o Mepe yBEeIUYEHUs X

OT HyJieBOro 3HaueHus. Popma chepoua 3aqaeTess OTHOLIEHHEM monyoceii a/b, Te
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Pa3mepnsblii napamerp

Puc. 4.4. To xe, uto Ha puc. 4.3, HO IS BBITSIHYTHIX CHEPOHJIOB.

b — mnonyoch BpameHua. dopma ueObimeBckoil gactunpl 7,(S) HMO OTHOLIEHHIO K
CUCTEME KOOpAMHAT, CBS3aHHOW C 4dacTuled, 3aznaerca ¢opmyioin R(0)=r,[1
+¢T,(cos)], rne r, — paguyc HEBO3MYILEHHOH cdepbl, ¢ — napaMerp aedopMaium,
T (cos@)) =cosnf) — nonmuHoM YeOrleBa crenenu n, 6 — 3eHUTHBINA yroa [292]. Pa3-
Mep HechepHUeCKUX YacTHIl 3a/1aeTC B TEPMHUHAX paguyca 7 chepruuecKol 4acTHUIIbI
paBHOTO 00BeMa. Hopmaiin3oBaHHOE ceueHne SKCTUHKITUH OTPEEIISIeTCs] KaK OTHOIIIe-

mue (C_)/(wr?), rme (C

ext

) — CEUeHHE SKCTUHKIIMM B pacyeTe Ha OJHY YacTHILy,
yCpeOHEHHOE N0 OpueHTanusM. [lapaMeTrp acMMMETpHUM OIpeeseTcs CTaHAAPTHOU

bopmyoit
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HOpMaHI/ISOBaHHaﬂ OKCTHHKIIUA
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Pa3mepnsliil napamerp

Puc. 4.5. To xe, uro Ha puc. 4.3, HO AJ YEOBIIIEBCKUX YACTHII.

(cos®) = %j dOsin O a,(O) cos O.
0

OTtHocHTeNbHAs TOYHOCTh 7-MaTPUYHBIX PacdyeTOB BO BCEX Ciyyasx ObLIa HE XyxKe
yem 107"°. Jlns Toro, 4ro6bl NIpomMcaTh TOYHBIA HPO(UIL PE3OHAHCA, PACUETHI
NPOBOJIWIIMCH C OYEHb MaJIbIM IIaroM 10 pa3mepHoMy mapamerpy, Ax = 0.0003.
BceraBku Ha puc. 4.3—4.6 moka3bIBalOT COOTBETCTBYIOIIME (POPMBI HACTHIL, XOTS
CTerneHb HeCHEPUUHOCTH CHUIIHLHO MPEYBEINYEHA B UIUTFOCTPATUBHBIX I[EJISIX.
CIuTtocHYThIE U BBITSIHYTbIE CEPOUIbl WACATBHO MOAXOMAAT JUIsl MOAEIUPOBa-
HUS IPOCTBIX OJHOPOJHBIX AedopMalinii chepruuecKoil YacTUIIbl KaK €JUHOTO LIEJIoro,

Toraga Kak YyeOBIIIIEBCKIE HYaCTHUIbI ABIAIOTCIA XOpOHIGﬁ MOJACIBIO HJIA ITOYTH C(bepI/I-
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HOpMaHI/ISOBaHHaH OKCTHHKI M
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PasmepHsIii mapameTp

Puc. 4.6. To xe, yto Ha puc. 4.5, HO AJIsI MOJOKUTEIBHBIX
napameTpoB aehOpMaIIHH.

YECKUX YaCTHI[ C BOJIHOOOpA3HOW MOBEPXHOCTHIO (psiObio). BuaHo, uto 06a Tuma
nedopMali OJUHAKOBO BIUSIOT HAa ONTHYECKUE pe30HAHCHL. MMeHHO, yBenudyeHue
OTHOLIEHUs a/b IS CIUTKOCHYTHIX C(EPOUIOB, OTHOIIEHHS b/a Iy BBITSHYTHIX
chepousioB u mMoyis napamerpa nedopmaruu ¢ 1 4EOBIIIEBCKUX YACTHUI] TPUBO-
JTUT K OBICTPOMY YMEHBIIIEHUIO BBICOTHI PE30HAHCHBIX NMHUKOB B HOPMAIM30BAHHOM
AKCTUHKIUU Y TIIyOWHBI PE30HAHCHBIX MPOBAJIOB B MapaMeTpe acuMMeTpuu. Heckob-
KO HEOXXHMJIaHHBIM DPE3yJIbTaTOM SIBIISIETCS TO, YTO Aedopmalius Iapa Ha BEIUYHHY,
COCTaBIIIONIYIO OJHY COTYIO JUIMHBI BOJIHBI CBETA, MPHUBOAUT K TIOYTH TOJIHOMY
MCYE3HOBEHHUIO pe30HaHca. BropuunbiMu 3¢ dekTamu SBISIOTCS CABUT PE30HAHCA B

CTOPOHY YBEJIMYMUBAIOIIUXCS WIM YMEHBIIAIOIIMNXCSA Pa3MEPHBIX IapaMETPOB U YCII0XK-
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HEHHE CTPYKTYpPBI PE30HAHCA, B PE3YJIbTATE YEr0 PE30HAHC BBITVIAIUT KAaK PE3yJIbTaT
HAJIO)KEHUSI HECKOJBKUX BTOPOCTENIEHHBIX PE30HAHCOB. MHTEpPECHO OTMETHUTH, 4YTO
HaIpaBJIEHUE CIIBUTA PE30HAHCA C YBEIHMYECHUEM JAe(opMalyu OKa3bIBAeTCs MPOTHUBO-
MOJIO’KHBIM KaK JUIsSl CIUTFOCHYTBIX U BBITSAHYTBIX C(DEpOUIOB, TaK U AJIST YEOBIIIIEBCKUX
YaCTHUIl C OTPHUILIATEIHHBIMU U MOJOXKUTEIBHBIMH ITapamMeTpaMu ae(opmaluu.

Pucynox 4.7 nmononusiet puc. 4.4 TeM, 9YTO OXBaThIBACT 3HAYUTEILHO OOIBITTHI
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Pa3zmepnsblii napameTp

Puc. 4.7. To e, uro Ha puc. 4.4, HO I OoJiee MIUPOKOTO
Jrana3zoHa pa3MEepHbBIX MapaMeTpOB.
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naras 7

peBOHaZH 3HaYCHUM pa3MEepHOro MapaMmeTpa, BKIIOYAIOIIUN Kak TPH CBEpX

" ca by, ay u b, Tak um Oolee IMPOKUE pe3oHAHCHL. Oue s
a : BU

Hj:u[ BIieHHE 0O0Jiee MMPOKUX PE30HAHCOB TPEOYET 3HAYUTEITHHO OOJBIIN o
EHZI :(I;epnqecxnx gactull. MIHTepecHONH O0COOEHHOCThIO KPUBOM IS a/); Heq())opMa_
Cﬂaéo. SBIISIETCS] IPUCYTCTBUE BHICOKOYACTOTHON psIOM, HAIOKEHHOM Ha Me_ -
- :eHﬂIom;Hc;I «pon». ITa psadb OTCYTCTBYET Ha KPUBBIX IS ccbepom[::: o
X mo Qopme K wuACaTbHBIM IIapaM, U TpU o
€CTECTBEHHBIMH YacTOTaMU KoJeOaHUH, K , orson Gonee <echemmce
, KOTOpBIE CBOMCTBEHHBI Oojiee «Hechepuuec-
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MEXy OChI0 ceponia U HampaBICHUEM MAJalONIero Jy4a, Uil BRITSHYTHIX chepou-
JIOB C OTHOIIEHWEM Toiyoced a/b = 0.9. Tlagarommii J1yd CUATAETCS HEMOJAPHU30-
BaHHBIM. 3HAYUTEIILHOE CHCTEMATHYECKOE BO3pacTaHue cedeHust dKcTuHkuuu C,, C
poctoM f Ha puc. 4.8 OOBSICHSICTCS PACTYIICH IUIOMIAIBI0 TOMEPEYHOTO CEUCHUS
chepouoB B IMIIOCKOCTH, MEPICHANKYIISIPHON HANPaBICHUIO MaICHUSI.

Oo6miee cBOMCTBO CHEpPOUIOB U YEOBIMIEBCKUX YACTHUIL 3aKIFOYAETCS B TOM, UTO
Nake MajieiIre OTKIIOHEHHUs OTHOIIECHHS TOJIyOoCce a/b OT eMHUIIBI WK TTapameTpa
aepopmar ¢ OT HyJsI 3aTpardBarOT BCIO MOBEPXHOCTh dacTuibl. [loaTomy uHTe-
PECHO MPOAHAIU3UPOBATh MOBEACHUE CBEPXY3KOI0 Pe30HaHCa AJI YaCTULbI, OJy4EH-
HOM myTeM aepopMaludd TOJIBKO Majol J0JIM MOBEPXHOCTH HEAJIBHOTO Iapa.
XopowmuM MPUMEPOM TAKUX YACTHUIL SIBISIIOTCSA ycedeHHbIe mapsl (puc. 3.5). Y 1o0HO
XapaKTepu30BaTh (OPMY YCEYEHHOTO Iapa napameTpom achepuunoct e = (I—r)/r,
r€ 7 — paauyC W3HAYaJbHOTO Iiapa U / — pa3Mep YCEYEHHOro Iapa BIOJb OCH
BpaieHus (puc. 4.9). Hanpumep, 3HaueHue e = 1 COOTBETCTBYET UJCAILHOMY IIapy,
TOr1a KaKk 3HaueHue e = 0 COOTBETCTBYET MOIyIIApY.

Pucynok 4.9 ananornuen puc. 4.3—4.6, HO MOKA3bIBAET PE3YJbTATHI PACUETOB
JUISl YCEYEHHBIX [IapOB, COOTBETCTBYIOIIMX TPEM YOBIBAIOIIMM 3HAUEHHUSM MapaMeTpa
achepuaHoCcTH e. OUEBUHO, YTO TEMEPh TPEOYETCS 3HAYUTEIHHO OOJBINAsT CTETICHD
ac(epUYHOCTH JJI MOAABIEHHUS CBEPXY3KOr0 pPE30HAHCA, YEM B Cilydyae cPepouaoB U
Y4eOBIIIeBCKUX YaCTHUIl. J[pyruM 3aMedaTebHBIM PE3yJIbTaTOM SIBISIETCS] TO, YTO TIO3H-
L1l PE30HAHCA OCTAETCA COBEPIICHHO HEM3MEHHOW HE3aBUCHUMO OT 3HAYEHHUs Iapa-
MeTpa e.

Takum oOpa3oM, HamIM pacyeTbl IMOKa3bIBAIOT, YTO JedopMaiuu, 3aTparu-
BaIOLIME BCIO CPEePUUCCKYIO TIOBEPXHOCTH U MMEIOIIHME aMILTATY/IbI, MeHbInue 4, /100,
MPUBOJAT K MOYTH MOJHOMY HMCYE3HOBEHHUIO CBEPXY3KHX PE30HAHCOB, B TO BpPEMs KaK
3HAYUTENIbHO OOybmue naedopmamnuu TpeOYIOTCS IS TMOAABICHHs] Oojee IMMPOKUX
PE30HAHCOB. DTOT PE3yJIbTAaT HAaXOAMUTCS B CONIACHU C TPAAUIMOHHOW (PU3HUYECKON
MHTEpIIpETalNeil pe30HAHCOB KaK CIEACTBUSI KOHCTPYKTUBHON MHTEpP(EPEHIINHU BOJIH,

pacTpOCTPaHAIOMINXCA BIAOJIb BHYTPEHHEW MOBEPXHOCTU CGEphl B pe3yibrare MOUYTH
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HOpMaHI/BOBaHHaH OKCTHHKIIUA
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31.454 31.464 31.474 31.484 31.494

PasmepHsIii mapameTp

Puc. 4.9. To xe, yto Ha puc. 4.3, HO [ YCEUCHHBIX IIAPOB.

MTOJTHOTO BHYTpeHHero otpakeHus [85]. Ilocne oGeranus Bcel OKPYKHOCTH Cephl,
BOJIHBI MPHUOBIBAIOT B TOYKY HAYaJbHOTO BXoJa ¢ (a3oi, B TOYHOCTH pPaBHOU
HauyagpHOUM (ha3ze, M 3aTeM MOBTOPSIOT CBOM MyTh 0€3 OclabiieHus 3a CYET JIeCTPYK-
TUBHOU uHTepdepeHuu. [ledopmarus, 3arparuBaromias BCIO MOBEPXHOCTH IIapa,
HapyIIaeT TOYHbIC (DA30BBIE COOTHOIICHHUS U CIIOCOOCTBYET JIECTPYKTHBHON MHTEpde-
PEHINY, TTOIABIAONICH pe30HaHChl. [loCKoIbKY MUpUHA pe30HaHCa OOPATHO MPOIOP-
[MOHAJIbHA BHYTpPEHHEMY HaOeraHuio (as3bl, CBEPXY3KHE PE30HAHCHI OKa3bIBAIOTCS
0COOEHHO YYBCTBUTEIBHBIMH K YCUIIUBAIOIIMMCS 1€(POPMAITUSIM.

OTa uHTEpHnpeTanus PE30HAHCOB HAXOAUTCS B COIMVIACMM U C pe3yJbTaramu

pacdcToB A YCCUCHHBIX IHApPOB. B IMOCIACAHCM CJlIyda€c 3HAUYUTCIIbHAA YacCTb
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UAcalbHON Chepruueckol TOBEPXHOCTH OCTACTCS HETPOHYTOM Jake HpH BechMa
MaJIbIX 3HAYEHHUSX Iapamerpa e W NOAAEPKMBACT MHOTHE BHYTPEHHHME TPACKTOPUHU
BOJIHBI, IIPUBOJAIINE K BOSHUKHOBEHHIO CBEPXY3KOI0 pe3oHaHca. bosee Toro, momoxe-
HHE PE30HAHCA OCTACTCA HEM3MEHHBIM, IOCKOJIBKY PAaJNyC KPUBHU3HBI ITOBEPXHOCTH
IIPX OTOM HE MEHSETCS.

JIpyruM Ba)KHBIM pe3yJIbTATOM HAIIETO AHAJIN3A SBJISETCSA TO, YTO OH MO3BOJISIET
OLICHUTbH BEPXHHUM MPEIEI BO3MOKHBIX OTKIIOHEHUM TOBEPXHOCTHU YACTUIIBI OT UJIEAIIb-
HOH cepbl B MHOIOYUCIIEHHBIX JIA0OPATOPHBIX HAOIIOICHUSIX pe30HaHCOB. OUEBU/IHO,
41O cepouspl U YeOBIIEBCKUE YAaCTULBI SIBISAIOTCS OOJiee aJeKBaTHBIM CPEICTBOM
MOJICJIMPOBAHUSl €CTECTBEHHBIX AehOpMalMil KamesleK BOAbl M JIPYTUX >KUIKOCTEH,
4yeM yceueHHble mapsbl. [loaToMy TOT akT, YTO MHOTHE JIaDOPaTOPHBIE IKCIIEPUMEHTHI
IIPUBEJIN K YCIIEITHOMY HAOJIIOJIEHUIO CBEPXY3KUX PE30HAHCOB, O3HAYAET, YTO PACCEU-
BaIOILIME YaCTHUIIbI UMENU (GOPMBI, IPEETbHO OJIM3KHUE K UACATBHBIM IIapaM.

B 3axmrouenue 3Toro paszena OTMETUM €LIe pa3 BaXHENIIee IPEUMYILECTBO 7-
MaTPpUYHOTO METOJA NPH HCCIECIOBAHUM ONTHYECKUX PE30HAHCOB. J[E€MCTBUTEINBHO,
Ype3BbIUaifHasl YyBCTBUTEIBHOCTh CBEPXY3KHMX PE30HAHCOB K JeopmanusiM MOBEpX-
HOCTH, MeHbIUM 4, /100, 1enaer mpakTHYECKH HEBO3MOXHBIM HCIIOIB30BAaHHE METO-
Ja KOHEYHBIX 3JIEMEHTOB MJIM METOJA JHUCKPETHBIX NHIOJNEH, B KOTOPBIX OOBIYHO
UCMOJIb3YETCsl 3HAYUTEIBHO Oosiee rpybas AucKpeTu3alus o0beMa U MOBEPXHOCTH

pacceuBaromux yactui [191].

4.2. I¢pdexThl yepeaHeHNs N0 Pa3MepPaM U OPUEHTAIUAM

BoJIBIIMHCTBO YacTHI] B €CTECTBEHHBIX U UCKYCCTBEHHBIX YCIOBHSIX HE MOKA3bI-
BalOT CUJILHOUW MHTEPHEPEHITMOHHONW M PE30HAHCHOM CTPYKTYPhI B PACCESTHHOM CBETE.
CymectByet nBa GyHIaMEHTAIBHBIX (aKTOPa, KOTOPBIE B OOJBIITMHCTBE CITy4YaeB MPH-
BOJAT K IIOJHOMY HCUE€3HOBEHHUIO PE30HAHCOB M TMOYTH ITOJIHOMY HCYE3HOBEHUIO
UHTEPPEPEHIIMOHHBIX MAKCHUMYMOB 1 MUHUMYMOB. MBI IPOJAEMOHCTPUPYEM UX BIIHSI-

HHC I10 OTACIIBHOCTH.
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[lepBpiM (pakTOpOM, BIUSIHUE KOTOPOTO HE 3aBUCUT OT MOP(OJOTUU YACTHII,
ABJISIETCS TOJIMIAUCTIIEPCHOCTD, 3aKIIIOYAIOIIASACA B TOM, YTO PACIpPEIEICHUE YACTHUL] 110
pasMepaMm He sBisieTcss nenbra ¢yHkiueit. Ilycts, Hampumep, MOMHIUCIEPCHOCTD
aHcaMmOJIs1 OTHOPOAHBIX C(PepUUECKUX YACTHIl OMUCHIBAETCS MPOCTHIM ramma pacripe-

JEJICHUEM T10 pajuycam r € |7,

mm’ max ]

n(r) = constant x r“_”’)/bexp(— Lbj’ be (0,0.5), 4.1)
a

IMpUYICM KOHCTAHTA BBI6paHa TaK, YTO BBIMOJHACTCA CTAHAAPTHOC YCJIOBHC HOPMH-

POBKHU

drn(r) =1. 4.2)
’ﬂllﬂ
Y100HO XapakTepu3oBaTh JIIO00€ pacmpenesieHre Mo pasMmepaM ero 3¢ eKTHBHBIM

paauycoMm u 3P deKTUBHOM aucnepcrent (IUPUHOI), KOTOPBIE ONPENCIISIOTCS CIEIYI0-

UM 00pa3oMm:

Vg = (G) j ‘dr n(ryrmr, (4.3)

v = G> o) ey, (44)

rac
(Gy = I " n(rymr? (4.5)

MPEJICTABISAECT CPEAHION IUIONIAb MOMEPEYHOTO ceueHus 4dactuupl [79]. B yacTHOM
cilydae ramma pacnpenencuus ¢ r.. =0 U r  =co JIETKO IOKa3aTb, 4YTO 7, =a U
U, =b. Pucynok 4.10 IeMOHCTPHUpPYET SBOJIOILMIO OTHOLIEHUS —b,/a, SIIEMEHTOB
HOPMAaJIM30BAaHHON MaTpUIIbl PACCESIHUSI C YBEJIMUYEHUEM IIHUPUHBI pacrpeieieHus mo

pasMepam. OTO OTHOIIEHHE OIMCHIBACT CTCICHB noJsIpru3aii OJHOKPATHO paCCCAH-
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Puc. 4.10. Juarpammbl oTHOwWEHHS —b,/a, Kak (yHKIHH >PPEKTHBHOrO
pasMepHOro napameTpa X = k7, W yIjia paccesHus A cPepruuecKux YacTHUll C
OTHOCHUTEJNIbHBIM IOKa3zaresiaeM npenomieHus 1.44 u spdextuBHOM nucnepcueit
U =0 (3Hauenue uig MoHoaucnepceHsix yactun), 0.01, 0.07 u 0.2.

HOTO CBETa IPHU YCIIOBHH, YTO MAJAIOIIMN CBET SBIIAETCS HENOJIAPU3OBAHHBIM. Jlna-
rpamMa ans U, =0.01 nokasbiBaeT, 4yTO Aaxe odeHb ciabas IUCIEepcus pa3MepoB

IPUBOJUT K MCUYE3HOBEHHUIO PE30HAHCHBIX M OOJBIIEH YacTH HHTEPPEPEeHIIMOHHBIX
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3pdexToB. C yBEIUUYEHUEM U, MAKCUMyMbl CIVIaKUBAOTCS, MUHUMYMBbI 3aIlOJIHS-
I0TCS, a TOJsIpU3aIusl MPUONIKAeTCs K HEHUTpaTbHOW (32 MCKIIOUYeHHEeM OO0JacTh
PAJIEEBCKOTO PacCEesHUsI, COOTBETCTBYIOIIEH OUYE€Hb MajbiM Pa3MEPHBIM MMApaMETPaM).
Bce ot apdexTh yBenuueHrs MUPUHBI PACTIPEACIICHUAS 0 pa3MepaM JIETKO TOHSThH
KOJIMYECTBEHHO KaK CJIEACTBUS (B3BEUIEHHOI'0) MHTETPUPOBAHUS MO BEPTUKAIbHBIM
JIVHUSIM YBEJIUYMBAIOLICHCS IJIMHBI HA JIEBOM BEPXHEHN JUarpaMMe.

BropeiM dakTopom, Kak MBI YK€ BHICTU B TPEIBIAYIIEM pas3fene, sBISETCS
coBMECTHBIM 3P (deKT HecHEepUIHOCTH € YCPETHEHUS 10 OPHUCHTAIMSM YacCTHII.
[ToyuntenpHas nemoHcTparus 3Toro 3gdekra npeacrasieHa Ha puc. 4.11, KoTopslit

IIOKAa3bIBACT OTHOILICHHEC

B Zzl(gsca’ (osca: O, einc: O, ¢inc: O)
Z“(Hsca’ ¢sca — O, eincz 0, ¢inc= O)

(4.6)

aMeMeHTOB (a30BOM MATPHUIIBI IS MOHOJUCHEPCHBIX CHEPUUYECKUX YaCTHI U
CIUTFOCHYTHIX c(epouJIoB ¢ OTHOIIIEHHEM mosryoceit 1.7. Pazmep cheponnos 3amaercs B
TEPMHUHAX paguyca cPepuuecKkor JacTHIIbl, UMEIOIIEH Ty K€ IJIOIMIa b MTOBEPXHOCTH.
OTHOCHUTENBHBIN MOKa3aTeNb MpeIoMIieHusT BceX yacTull paBeH 1.53 + 10.008. Buano,
YTO JUarpaMMbl i chepudecKux 4acTull U chepousioB B ABYX (DUKCUPOBAHHBIX
OpHEHTAIIMAX COBEPIIECHHO pa3Hble U JEMOHCTPUPYIOT SIPKO BBIpaKCHHBIE MHTEpde-
PEHIIMOHHBIE W pe30HaHCHBbIe oOpaszoBanus. C apyrodt croponsl, auarpamma (d),
MOCTPOEHHAS ISl XaOTUYECKU OPUEHTUPOBAHHBIX CHEPOUIOB, OKA3HIBACTCS HAMHOTO
0oJee criaakeHHOM U MEHEe CII0KHOM.

Crnenyer oXuaaTh, YTO COBMECTHOE BIHMsHUE d(DPEKTOB THUCIIEPCUU PA3ZMEPOB U
YCPEHEHUs 10 OPUEHTALUSIM CHIeTIAeT aHAJIOTHYHbIE AWArpaMMbl MOJSPU3ALUUA IS
MOJIUTUCTIEPCHBIX, Xa0TUYECKU OPUEHTUPOBAHHBIX C(HEpOUIOB eile 0oliee IIaJKuMHU.
B aTOM feiicTBUTENHHO MOXKHO YOEIUThCS TyTeM cpaBHeHUs auarpamm 4.11d u 4.12d.
[locnenusass mocTpoeHa i XaOTHYECKM OpPUEHTUPOBAHHBIX CQEpPOUSIOB, pac-
NpeeNICHHBIX [0 pa3MepaM B COOTBETCTBUU C MOJU(MUIIUPOBAHHBIM CTETICHHBIM

3aKOHOM
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(a) Cdbepuyeckne yactuubl (b) Ccbepougbl, hrkcrpoBaHHasa opueHTauus
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Puc. 4.11. Otunowenne —Z,,/Z,, (%) (cM. popmyiny (4.6)) kak GyHKIHUS 3€HUTHOTO
yrna paccesHuss 0°° M pasMepHOro mnapamerpa X =Kk7; IJI1 MOHOAMCHEPCHBIX
chepruyeckux 4acTuil U cPepouioB B (PUKCUPOBAHHON U XAOTUUYECKOW OpPUEHTALIMSIX.
Ha muarpammax (b) u (c) och BpamieHus chepouoB HampaBlieHa, COOTBETCTBEHHO,
BJIOJIb OCEH z U X JIa0OPaTOPHON CUCTEMBI KOOPUHAT.

constant, 0<r<r,
n(r) = {constantx(r/n)*, rn<r<rn, 4.7)

0, r,<r
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¢ a =-3. Kak u npexne, pazmep cPepousioB 3a0aeTcsi paguycoM chepuaecKoil JyacT-
UIBl, UMEIOUIEH Ty K€ IIJIOIAAb [IOBEPXHOCTH, & IapaMeTpsl 7; U ¥, BEIOpaHbI TakK, 4TO

appexTUBHAS qUCTIepcus pacipeaeneHus paBHa v, = 0.1.

4.3. CaeropaccenBamiye CBOHCTBA Xa0TUHYECKH OPUEHTHPOBAHHBIX

ceponnoB, KpyroBbix HUJIMHAPOB U Oucdep

PesynbpraTel mpeablayliero paszgena yOeauTEeNbHO MOKa3bIBAIOT, 4YTO MOJe-
JUPOBAHME CBETOPACCEHBAIOLIUX CBOWCTB OOJBUIMHCTBA €CTECTBEHHBIX M HCKYC-
CTBEHHBIX aHcaMOyeil yacTul TpeOyeT YCpeAHEHHs MO pa3MepamM U OPHEHTALHSM.
Takue pacueTsl SBISAIOTCS BECbMa HETPUBUAIBHBIMU U TPEOYIOT CYIECTBEHHBIX BbI-
YUCIIUTEIBHBIX PECYPCOB JIaXe C MCIOJIb30BaHUEM -MaTpuyHOro merona. OHaKoO B
pe3ynbTaTe Mbl MOIYYaeM MPOCTHIE TJIAJKUE HUAarpaMMbl CBETOPACCESHUS, KOTOpPbIE
MO>KHO JIETKO U OJIHO3HAYHO MHTepIpeTupoBarh. Hanmpumep, nonaspusaumoHHbIe qua-
rpaMMbl, IPEICTAaBICHHbIE Ha puc. 4.12, MOKa3bIBAIOT, YTO OCHOBHBIMH CIJIEJICTBUSIMHU
YCUJIMBAIOLIEHCS HECPEPUUHOCTH YACTHI] SABJIAIOTCS OoJiee HEUTpanbHas MOJsipU3anus
U PA3BUTHE «MOCTa» IOJOKHUTEIBHOW IOJSPU3alMU MpU yriax paccesHus ~120°
[169].

bonee Toro, ecrecTBeHHbIE M MCKYCCTBEHHBIE YaCTHIBl YacTO MPOSBIISIOT
3HA4YMUTENIbHOE pa3sHooOpasue GpopM U MOPQOJIOTUM, TEM CaMbIM, CTaBs MOJI COMHEHHUE
MPUMEHUMOCTh CBETOPACCEUBAIOIIMX CBOMCTB YacTHI] C JO00M (PUKCHUPOBAHHOM
dbopmoit k ancamOIr0 Hechepuueckux yactuil. JeHCTBUTENBHO, JaXKe MOCTe YCpeaHe-
HUS 1O pa3MepaM U OpPUEHTALMSIM KaxJas KOHKpETHass (opMa YacTHI MOXKET
COXpaHsATh crerupuyecKkrue 0COOEHHOCTH B YIVIOBOM 3aBHCHUMOCTHU 3JIEMEHTOB MaTpH-
bl paccesinus. B kauecTBe npumepa, puc. 4.13a nokasspiBaeT MHIUKATPUCHI PACCEIHUS
JUISL MOHOJUCIIEPCHBIX cdep ¢ paauycoM 1.163 MKM M SKBUBAJICHTHBIX (B CMBICIIE
PABEHCTBA ILJIOIIA M TOBEPXHOCTH) MOHOJUCIIEPCHBIX, XA0TUYECKU OPUEHTUPOBAHHBIX
BBITSHYTBHIX C(EPOUAOB C YBEIMUYMBAIOMICHCS HEC(HEPUUHOCTBIO & (OmpenensieMoil
3eCh W Jajiee Kak OTHOILIEHUE OojblIed momyocu cepoumga K MeHbluen). JmuHa

BOJIHBI CBETa B OKpy»Karouien cpeae paBHa 0.443 MKM, a OTHOCHUTEINIbHBIN ITOKA3aTEIb
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(a) BbitanyTble, a/b=1/1.4 (b) CnntocHyTble, a/b=1.4
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Puc. 4.12. [Iuarpammbl otHoweHus —b,/a, kak (yHKuun 3(PeKTHBHOTO
pasMepHOro mapamerpa X, =k’ W yIja paccessHUs s HOJIHIUCIEPCHBIX
Xa0TUYECKA OPUEHTUPOBAHHBIX C(HEPOUTOB C OTHOCHUTEIHHBIM TIOKa3aTeIeM
npenomiterus 1.53 +10.008.

mpe’oMiIeHus BceX dvactuil paBeH 1.53 + 10.008. BuaHo, 4YTO KpuUBBIE IS

MOHO/IUCIIEPCHBIX YACTHUI[ 00pa3yIoT 3allyTaHHOE MeperieTeHNE, TI0XO0 MO Iat0IIeecs
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Puc. 4.13. VHaukaTpuchl paccessHUS 1T MOHOJIUCIICPCHBIX U TIOJUIUCIICPCHBIX
chepruvecKuX YacTHIl U XAOTHUYECKH OPHUCHTUPOBAHHBIX CHEPOUIOB C OTHOCH-
TeJIBHBIM MoKa3aTeneM npeiaomienus 1.53 +10.008 [182].

uHTeprperauud. B TO ke Bpems ycpenHeHue mo pasmepam (nuarpamma 4.13b)

CTJIAKMBACT BCC MHIAUKATPUCHI PACCCAHNA, BbIABIIICT CUCTCMATUUCCKUC N3MCHCHUSA C

pOCTOM HECPEpUYHOCTH U JeNaeT KaxAyl0 WHIUKATPUCY WHAMBUAYyAIbHOH U
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HEIOXO0XKEN Ha BCE Jpyrue WHAUKATPUCHL. TeM He MeHee, 3Ta WHAMBUAYaJIbHOCTb
3aMbIBAETCA M B KOHEYHOM HUTOI€ HCYE3aeT 3a CYET YCpPEOHEHUs MO0 Bce Ooree
[IMPOKOMY PacCIpelieIeHUIO M0 (opMaM BBITSHYTHIX C(HEpPOUIOB, HEHTPUPOBAHHOMY
Ha ¢=1.8, kak mnokazaHo Ha auarpamme 4.13c. YcpenHeHue N0 MAaKCHMAJIBHO
IIMPOKOMY paclpeiesieHn0 Mo (QopMaM KakK BBITSAHYTBIX, TaK M CIUTFOCHYTBIX
chepousioB AenaeT WHIUKATPHUCY PpACCESTHUS OYEHb TJIAAKOM M TOYTH JIUIIEHHOM
netanen (kpacHast kpuBas Ha nuarpamme 4.13d). MHTEpecHo, 4TO 3Ta MHIMKATpHUCA
paccessHUsT HAXOAMUTCS B TIOYTHM HJCATBbHOM  KOJIMYECTBEHHOM COIJIaCUM €
WHJIUKATPUCOUN paccesHusl, U3MEPEHHOM B padote [95] 1l ecTeCTBEHHBIX MUKPOHHBIX
YacTUIl TOYBHI, HMMEBIIUX SPKO BBIpAKEHHBbIE HEC(HEpPHUUHOCTh U pa3zHOOOpaszme/

HenpaBWIbHOCTh (opMm (cM. puc. 4.14). Ilpu sToM 00€ WHAMKATPUCHI PACCESTHUS
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Puc. 4.14. Muaukatpucel paccesHus I YACTHUL MOYBBI, NOJIH-
JUCTIEPCHBIX CPEpUUYECKUX YacTULl U TMOJIUIUCIEPCHBIX, XaO0TH-
YeCKH OPUEHTHPOBAHHBIX C(HEPOUIOB.

PaIUKAIbHO OTIMYAIOTCS OT MHAMKATPUCHI PACCESHUSI, PACCUMUTAHHOM NI «IKBUBA-
JEHTHBIX» C(hepudecKux dYacTul] (ToueyHass KpuBasi Ha puc. 4.14). DTOT BaKHBIN
pe3yabTaT YKa3blBaeT Ha MOTEHIMAIBHYIO BO3MOXKHOCTH MOJCIMPOBAHUSI CBETOpAC-
CEUBAIOIIUX CBOMCTB aHCaMOJIel €CTECTBEHHBIX U UCKYCCTBEHHBIX YACTHUIl HEMPABUIIb-

HOM popmbl ipu momoIH npocThix chepouaos [182] (cm. Takxke [63]).
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JIBe BENWYMHBI, SBISAIOIIMECS OJHO3HAYHBIMM MHAMKATOpPAMU HECHEPUUHOCTH
paccenBaOIIMX YacTHI], HAa3bIBAIOTCA (DaKTOpaMM JTUHEHHONW M KPYTOBOHM JAETONSpH-

340U U OMPCACIAOTCA CICAYIOIMNMHY OTHOICHHUAMMU

a,(180°) - a,(180°)
a,(180°) + a,(180°)
5. a,(180°) +a,(180°) _

a,(180°) — a,(180°)

5, = 0, (4.8)

(4.9)

I[JISI MaKpPOCKOIIMYCCKN H30TPOITHBIX W 3CPKAJIBHO CUMMCTPHUYHBIX CPCI 3TH BCINYHHBI

CBSI3aHBI MPOCTHIM COOTHOIICHUEM [171]

20
0. =—= 4.10
s (4.10)

(M. popmyny (2.63)). B cimyuae chepuueckn CMMMETPHUYHBIX 4yacTHIl o0a (akTopa
JETOSIPU3ALMYA CBONATCA K HYJIO, IOCKOJIBKY a,(180°)=¢,(180°) u a,(180°)=
—a,(180°) [cMm. popmyisl (2.65) u (2.66)]. B obmem ciaydae HechepuuyecKUx YacTHIL
o0a ¢akropa OTIMYHBI OT Hynsa. MHTepecHO, OAHAKO, YTO BEIUYUHBI (HAKTOPOB
ACTIOSIPU3aMA He SIBISIOTCS MPSMBIMH M OJHO3HAYHBIMU HWHIUKATOPAMU CTEHCHH
HeC(hEepUYHOCTH YaCTUL. DTO XOPOIIO HIUTOCTPUPYET pUC. 4.15, KOTOPBIN MOKA3BIBAET
(bakTop JTMHEHHON NEeNoNsIpU3alUu o, A MOHOAUCIEPCHBIX, XAaOTUYECKH OPUEHTH-
POBAHHBIX BBITSHYTHIX (IBE€ BEPXHUE AMATPAMMBbI) U CIUTIOCHYTHIX (JIB€ HIKHHUE
auarpaMMbl) cpeporI0B C OTHOCUTENIbHBIMU MTOKa3aTesiMu npenomienus 1.5 +10.005
u 1.78 + 10.005. BepTukanpHble OCH MOKa3bIBAIOT CTETNICHb HECHEPUUYHOCTU YACTHI] €.
O4eBHIHO OTCYTCTBHE KaKOH-THOO CHCTEMAaTHYECKOW KOPPEISIIIMA MEXIY JEMNOsIpH-
3anueit u HecepuuHOCThIO. bonee Toro, MakcuMasnbHas ACTONISIpU3aLns 00yCIOBIeHA
cheponsiaMu, OTAUIAIOIIMUMUCS 10 Gopme oT chep MeHbime yeM Ha 5% (CM. JIEBYIO
BEPXHIOIO Uarpammy).

W3mepenne (axTopoB [AEMONApU3alMU TpPU TMOMOILIM JHUIAPOB U PpagapoB

CIIYXUT HIHMPOKO PpPaCHpOCTPAHCHHBIM CpPCACTBOM JHUCTAHIIMOHHOI'O 3O0HIWPOBAHUA
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1.78 +i0.005

HecdepuyHocTb

HecdepunyHocTb

0 10 20 30 0 10 20 30
PasmepHbIi napameTp PasmepHbIi napameTp

0 0.2 0.4 0.6 0.8

Puc. 4.15. ®akropsl NUHEHHON AENONsApU3AlMU, BBIYMCICHHBIC IS MOHOJHUC-
MIEPCHBIX, XaOTUYECKH OPUEHTHPOBAHHBIX C(HEPOUIOB ¢ OTHOCUTEIBHBIMH TIOKA-
3arensimu nipeiomiienns 1.5 +10.005 u 1.78 +10.005.

a’po3oseit u 061akoB B 3eMHON atMocepe. OMHUM U3 UHTEPECHBIX U KIMMATHYCCKH
BKHBIX OOBEKTOB HCCIICIOBAHUS SBJISIOTCA O0Jlaka, KOTOpPhIE OOpa3yloTcs 3a CUeT
pOCTa JISJSHBIX KPUCTAIUIOB HA MUKPOCKOIIMUYECKUX YACTHIIAX, BRIOPACHIBAEMBIX peakK-
TUBHBIMU JIBUTATEISIMU CaMOJIETOB (Tak Ha3biBaeMble condensation trails). PucyHox
4.16 mOKa3bIBaeT Pe3yNbTaThl 1-MaTPUYHBIX PACYCTOB JTMHEWHOW JCTIONSPU3AINN IS
MOJUIMCIICPCHBIX, Xa0THUECKU OPHUEHTUPOBAHHBIX JICASHBIX YaCTHIl PA3IMIHON (op-
MBI C pacmpeesneHueM o pazmepam (4.7), COOTBETCTBYIOMNUM dPPEKTUBHOM AuCTIEp-
cun U, =0.1 [171]. MHTEpecHOll 0COOEHHOCTBIO ITUX PE3YJIbTATOB SIBJISETCS TO, UYTO

MMPaKTHYCCKHU HC3aBUCHUMO OT MOI[CJ'IBHOﬁ (1)OpMI>I qacTHull MaKCHUMaJbHasa JOCIIOJIA-
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Puc. 4.16. Jluneitnas penonspuszauus Uisl TMOJUIUCIEPCHBIX, XAOTUYECKHU
OpPUEHTHUPOBAHHBIX CHEPOUIOB, KPYTOBBIX IMIMHIPOB U YEOBIIIEBCKUX YACTHIL C
OTHOCHUTENBHBIM TOKa3aTeraeM mnpenomiieHuss 1.311. Caerno-3eneHas mnojoca
MOKa3bIBACT THUMUYHBIN JAWANa30H 3HAUYCHHUM ACTOJISIpU3AlUMA, U3MEPECHHBIX IS
HMCKYCCTBEHHBIX JIEJSIHBIX 00JIaKOB.
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pu3anys HaOJIOJAETCs MIPU pa3MeEPaxX YacTHL], CPABHUMBIX C JJIMHOM BOJIHBI CBETa. JTa
0COOCHHOCTH, B COBOKYITHOCTH C pe3yJbTaTaMU JIMJAPHBIX HAOIIOCHHI, TO3BOJIUIA
3aKJII0YUTh, YTO OOJBIIMHCTBO KPUCTAJLUIOB B TAKMX MCKYCCTBEHHBIX 00JIaKaX MMEIOT
pa3Mepbl MOpsKa OJJHOro MUKpoHa [185].

OdeHb MHTEPECHBIM TUIIOM PACCEUBATENEH SBISIIOTCS OMCQEPBI, T. €. KIacTepshl,
COCTaBJICHHBIE M3 JIBYX OJMHAKOBBIX C()epHUECKUX 4acTHIl B KoHTakTe. C 0HOI cTO-
poHbI, bucdepa saBiseTcs HecHeprUuecKOl YacTHIIeH C OTHOIIEHUEM JUIMHBI K HaMeT-
py, paBHbIM 1ByM. C pyroil cTOpoHBI, Oucdepa COCTOUT U3 ABYX HAEaIbHO cepu-
YeCKMX KOMIIOHEHT. MOKHO, TaKHM 00pa3oM, 0KUIaTh, YTO OUC(EPHI JOTKHBI MPOSIB-
JSTh CBOMCTBa Kak Hec(epHueckux, Tak u cepuueckux dactull. CpaBHEHUE ua-
rpamMm 4.17b u 4.17¢ ¢ nuarpammoii 4.17a moka3sIBaeT Pe3KO BO3POCIIYIO CIOKHOCTh
UHTEP()EPEHITMOHHON U pPE30HAHCHOW CTPYKTypbl oTHomieHus (4.6) mis Oucdep B
(UKCHPOBAHHBIX OPHEHTALUAX, OOYCIOBICHHYIO crielnduueckoil Mmopdonoruen yac-
tul. bonee Toro, nuarpamMmel Ui IBYX PasHBIX OpHEHTaUUN Oucdep oka3pIBarOTCS
COBEPILIEHHO PAa3HBIMH, YTO SIBJISIETCS TUIUYHBIM MPU3HAKOM HECPEPUUYHOCTH HACTHII
(cp. puc. 4.11). OmHako ycpeaHEeHHEe o opueHTarusIM, puc. 4.17d, npuBoIuT K KapTH-
HE MOJISIPU3AlNY, TIOPA3UTENbHO MOX0XKEH Ha JuarpaMmy JJis UHAUBHIYaJIbHBIX ce-
puyeckux uvactul] (puc. 4.17a) [173]. DToT 3aMeuarenbHbId pe3yJbTaT MOXKHO, MO-
BUJUMOMY, OOBSICHUTH T€M, YTO YCPEIHEHHE 110 OPUEHTAIMSIM B 3HAYUTEIHHOU cTere-
HU TIOJABJsIeT 100aBOYHYIO MHTEPPEPEHLIUOHHYIO M PE30HAHCHYIO CTPYKTYpY, BO3-
HUKAIOIIYIO 34 CYET «3JIEKTPOMAarHUTHOTO B3aUMOJIEUCTBUS» ABYX IIAPOB, HO HE BIU-
€T Ha BKJaJ OJHOKPATHOTO PAaCCEsHMs Ha KaKJOM M3 mapoB. Takum oOpa3om, pac-
YeThl CBeTOpaccesHus i Oucdep ACHCTBUTEIHHO OKA3bIBAIOTCS BEChbMa MHTEPECHDI-
MU U CIIy>KaT MOYYHUTEIbHBIM BBEJACHHEM B aHaJIU3 MHOTOKPATHOTO PACCESHHS Ipyl-

[IaMU 4acTHI], KOTOPOMY OyJIeT OCBSIIEHA CIIEAyolIas IIaBa.

4.4. OcHOBHBIE pe3yJIbTAThI

Hamnuue >¢d¢dekTuBHbIX T-MaTpUYHBIX TMPOTPaMM, OMHMCAHHBIX B MPEIbITyIICH
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Puc. 4.17. To xe, uro Ha puc. 4.11, HO 711 MOHOIUCTIEPCHBIX CPEPUUECKHUX YACTHUI] U
oucep ¢ oTHOCUTENBHBIM MOKa3zareneMm npesnomnenus 1.5 + 10.005. BepTtuxanbHble
ocu Ha quarpammax (b)—(d) moka3BblalOT pa3MepHBIA mapaMeTp Kaxaou chepuyeckon

KOMIIOHCHTHI.

rj1aBe, IMO3BOJMIIO JUCCCPTAHTY BIICPBIC IMPOBCCTHU JICTAJILHBIA aHaJIu3 CBCTOpAacCCcCu-

Baromux CBOMCTB MOHOAHMCIICPCHBIX W HOJUIHUCIICPCHBIX HeC(bepI/I‘-IeCKI/IX qacTull B

(UKCUPOBAHHON M XAOTHYECKOW OpHUEHTAIUSAX. Y HUKAIbHBIE 10 00BEMY PE3yJIbTAThI
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pacuetoB i chepounon [134, 143, 145, 147, 167-169, 171, 172, 177, 182, 185, 195],
KpyroBbIX munHApoB [176, 183—185, 187], ueObimeBckux vactuiy [169, 185, 195] u
kiactepos [149, 173, 199] no3Boauian BRISIBUTH U KOJIMYECTBEHHO OXApPAaKTEPU30BATh
UCKIIFOUNUTEIBHO CUJIBHYI0 3aBHCHMOCTh MHOTHMX CBETOPACCEUBAIOIIMX CBOWMCTB OT
dbopMbI 1 MOPGOJIOTUN YACTULl U UX DBOJIOIUIO C YBEIMYCHUEM CTENEHH Hecepud-
HOCTH. DTH pe3yJbTaThl UMEIOT MEPBOCTENEHHYIO BAKHOCTD IS IPABUIIBHOIO perie-
HUS OPSIMBIX U OOPATHBIX 3a/1a4 3JIEKTPOMArHUTHOTO PACCEsIHUS, TAKUX, B YACTHOCTH,
KAaK BOCCTAHOBJIEHHE MUKPO(U3MYECKUX CBOWCTB YacCTUL IO pe3ysbTaraMm Jadopa-

TOPHBIX WJIN JUCTAHIIMOHHBIX I/ISMCpCHI/Iﬁ pPaCCCAIHHOIO U3JTyUCHUS.
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I'TABA §

MHOI'OKPATHOE PACCESIHUE CJIYYAWMHBIMU JJUCKPETHBIMHA
CPEJAMM: CTPOI'ME YHUCJIEHHBIE PE3YJBTATBI U AHAJIN3 UX
CJEJACTBUH

[Tocne obCy)aeHusT XapaKTEPUCTHK OJHOKPATHOTO PACCESHUS CBETa MOHOIHUC-
MEPCHBIMU U MOJUAUCIIEPCHBIMU YaCTUILIAMU, MBI IPUCTYIIAEM K AETAJTbHOMY aHAIU3Y
MHOTOKPaTHOT'O PAacCesHUsl SJICKTPOMATHUTHBIX BOJH B CIyYaWHBIX JUCKPETHBIX
cpenax. YpaBHenuss Ponau—Jlakca s paspekeHHBbIX AucnepcHbIx cpen (2.13) B
COBOKYITHOCTH C IPUHIIUMIIOM 3PTOJUYHOCTH, PACCMOTPEHHBIM B pazaene 2.4, ciyxkat
JOCTaTOYHOW OCHOBOW JIJIsi BBIBOJA TAKUX TOJIE3HBIX MPUOIIMKEHUA KaK MUKPODU3U-
YECKHE TEOpUHU NepeHoca M3IyYeHHs W cinaboil mokanuzanuu. OJHAKO B ATOM riaBe
MBI CHavaJila 00CYJIUM CTPOTHE PE3YyJIbTAThl, OJYYECHHBIE HA OCHOBE MPSMbBIX YHUCIICH-
HO-TOYHBIX KOMIBIOTEPHBIX pELICHUN ypaBHEeHHMH MakcBemia. 9TO MO3BOJUT HaM
BBIICHUTh, KaKWU€ JOMOJHUTEIbHbBIC MPEINOI0KEHUS U NPUOIMKEHUS MOTPEOYIOTCS
JUTSE BBIBOJIA TEOPHUH TMEepeHOca M3IYyUEHHUs W CJIa00H JIoKaiu3auu U Kakue d(HQeKToI
paccesiHus 3TU TEOPUU MOTYT WA HE B COCTOSIHUU OIUCATh.

JIns 3TOro Mbl IpOAHAIU3UPYEM PE3YyJIbTAThl, MOJYYECHHBIE NMPU MOMOIIH 7-
MaTPUYHOTO METOAA [JIi MAaKPOCKOMHMYECKOTO O0BheMa, 3aMOJIHEHHOTO CIy4YaiHO
pacnionoxkeHHbiMH yacturiamu [203, 205, 206, 210]. MbI yke ynoMUHa U, 4TO BBUAY
CYILIECTBYIOIIMX B HACTOSIIEE BPEMS MPAKTUUECKUX OIPAHUYCHUIN HA OBICTPOICHCTBUE
U omnepatuBHyl0 namMarb OBM, T-MaTpuyHblil METOJ BCE €Ile HE MOXET ObITh
WCIOJIB30BAH JJISI pacyeTa pPaccesiHus CBETa CIyYaWHBIMU CPEAaMHU, COCTOAIIMMU W3
OYEHb OOJBIIOr0 KOJIMYECTBA YACTHUIl, TAKUMH Kak O0Jiaka, KOJUIOWUJIHBIE B3BECHU U
MOPOIIKOOOpa3HbIe MOBEPXHOCTU. TeM He MEHee, OH IMO3BOJISIET U3y4YaTh JOCTATOUYHO
CJIOHBIE JIUCIIEPCHBIE CHUCTEMBI W, TaKUM OOpa3oM, MOAEIUPOBATh Kak A(HQPEKTHI
CIIy4allHOTO PACIIOJIOKEHHS YACTUL, TaK W 3apOXKICHHE WU HBOJIOLUUIO Pa3IUYHBIX

3(PEKTOB MHOTOKPATHOT'O PACCESIHUS C BO3PACTaHHEM KOJIMYESCTBA YACTHI[ B CTaTH-
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CTUYECKH OJTHOPOJIHOM O0BbEME CIYyUYaHOM TUCKPETHOM CPEbl.

5.1. CraTuueckoe u ANUHAMHYECCKOC PpacCesiHUusI CBETAa

Kak yxe oOcyxnanoch B pasuene 2.4, sl TOrO 4YTOOBI CMOJEIHUPOBATH
MPAKTHUECKOE U3MEPEHUE PACCEsSHUSI CBETa OBICTPOMEHSIOIUMCS 00BEKTOM, HEO0XO-
VMO PEeIINTh ypaBHEHHs MakcBesia sl CTAaTUCTUYECKH PEICTaBUTENIbHOTO Habopa
MTHOBEHHBIX KOH(urypamuii oonekra. [locne Toro kak mpeacTaBUTEIbHBIA HAOOP
pelieHnii ypaBHeHUT MakcBeia Mmoixy4yeH, MOKHO JIN0O NMPpOaHaJIu3upOBaTh CTATHC-
TUYECKYI0 MH(OpPMAILHIO, COAEPIKAIILYIOCS B pa3HOOOpa3uu WHAMBHUIYAIbHBIX pelle-
HUM, 1100 MPUMEHUTH MPOLEAYPY YCPEIHEHUS U, TaKUM 00pa3oM, BBIICIUTH CTATH-
YEeCKU KOMIIOHEHT, OOIIMil JUIsi BCEro HaOopa pelieHHil. DT albTepHATUBHBIE

IIoaAxXoAbl U3BCCTHLI 110 Ha3BaHUAMMU ouHamuyeckoe U cmamuyeckoe paccessHuC CBCTA

[34, 40, 202].

5.2. Paccesinue pUKCHPOBAHHBIMU KOH(PUTIYPALUSIMU CJIYYAHHO

PACIIOJIOKCHHBIX YaCTHII: CHEKJI-CTPYKTYpPa

[Ipennonoxkum, 4To N HUIACHTUYHBIX CPEPUUYECKUX YACTHUI] PaACIPEICICHBI
CiIy4aitHeIM 00pa3oMm 1o chepudeckomy oobemy V ¢ pagmycoM R HaMHOTO OOIBIIAM
paauyca 4acTull a, Kak ToKa3aHo Ha puc. 5.1. Pa3mepHslil mapameTp 4acTull paBeH kja
= 4, Torna Kak pa3MepHbIil mapameTp Bcero cepudeckoro oobema paseH kiR = 40.

[TokazaTens MpenOMIICHHS YaCTHUIL 110 OTHOLIEHHUIO K OKpY’Karolen cpene paseH 1.32.

N=1 N=5 N=40 N =240
-~ : ;
y “» - 5”@

Puc. 5.1. Cdepuueckuii o0beM V, 3a0aHEHHBIA UICHTUYHBIME CHEPUUICCKUMU
JaCcTUIIAMHU.
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Bonbmolt chepuueckuit o0beM V' ocBemaercs: TIOCKOM 3JIEKTPOMArHUTHON BOJHOM.
Hamnpapnenue najeHusi COBNagaeT ¢ MOJIOKUTEIbHBIM HaIpPaBJICHHEM OCH z Jlabopa-
TOPHOI CHUCTEMBbl KOOPAWHAT, & MEPUJIMOHATbHAS TUIOCKOCTh HAIPAaBJICHUS MaJCHUS
3aaeTcs MoayImiockocthto xOz ¢ x =20 (cMm. puc. 5.2). YrinoBoe pacrnpeiesneHue u
COCTOSIHUE TOJISIPU3ALMH PACCESTHHOIO CBETA B JAJbHEW 30HE BCEr0 PaCCEUBAIOIIETO

oobeMa V' ommceiBaercsi (pa3oBoit marpuieli oobema Z B COOTBETCTBUU C (HOPMYIION

(1.24).

X

Puc. 5.2. DnekTpoMarHuTHOE paccesHUEe B JaJbHEHl 30HE
chepuueckoro oobema V' nuckpeTHoil ciaydaiiHOW cpenbl. B
JaHHOM ciydae oObeM 3amoiHeH 20-10 CcIydailHO pacroio-
KEHHBIMU YaCTUIIAMHU.

[Ipeamonoxxum cHauvanga, 4YTO TMAJAIONMKA CBET MOJSPU30BAH IO KPYry B
HaIpaBJICHUN TMPOTHB YAaCOBOM CTPENIKH, €CIM CMOTPETh B HANPABJICHUH PACHPO-
ctpanenns. Torma V™ =1" u Q™ =U"=0 (cM. hopmymny (1.22)). Pucynku 5.3(a)-
5.3(d) moka3sIBarOT pacrpeaeiicHie HHTCHCUBHOCTH [°°* CBeTa, pacCestHHOro B oOpart-
Hyto noaycdepy oobemom V' ¢ N =1, 5, 20 u 80 yacturiamu. UuauButyanbHbie KOOp-
JMHATHI YacTUIl OBLITM BHIOpAHBI TIPHU MOMOIIM T€HEpaTopa CIyYalHBIX YUCEN, HO BO
BCEM OCTAJIbHOM OHU (DMKCHUPOBAHBI.

Bunno, uto kaptuna paccessaus 11t N = 1 sBisieTcsl a3UMyTallbHO CUMMETpUY-
HOH M OTHOCHUTEIBHO TJIQJKOM, KaK 3TO M JOJDKHO OBITH ISl €TMHUYHON ChepruIecKon

YaCcTHIIBI C pPa3MepPOM, CPAaBHUMBIM C JUTMHOW BOJHBI cBeTa. OnmHako nuarpammbl (b)—
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(b) . (c) l

(e) . (f) l

Puc. 5.3. YrioBoe pacnpe/ieneHrie THTEHCUBHOCTH PacCesTHHOTO CBETa
B JaJIbHEW 30HE cdepuueckoro oobema V, 3amoaHeHHOro N yacTuua-
Mmu. (a) N = 1, pukcupoBanHas opuentauus; (b) N = 5, ¢ukcupoBan-
Hast opueHnTanus; (¢) N = 20, ¢ukcupoBannas opueHranus. (d) u (e) N
= 80, dukcupoBannas opuenranus; (f) N = 80, xaoTuueckasi opueHTa-
uus. ['paganum ceporo 1sera ObUTM MOJ00paHbl UHAWBUIYAIBHO IS
TOTO, YTOOBI MAaKCHMAJIbHO BBISBUTH CTPYKTYPHBIC JETaIl Ha KaKIOMH

nuarpamMme. Jluarpamma (a) TakKe IMOKa3bIBa€T YIJIOBBIE KOOPJMHATHI,
WCIIOJIb30BaHHBIE I IIOCTPOEHUS BCEX THATPAMM.

(d)

(d) neMOHCTPUPYIOT TUHUYHYIO MSATHUCTYIO CIEKI-CTPYKTYPY.

[IpoucxoxaeHrne CeKiIoB MOKHO OOBSICHUTDH ClEeNyIOIMM 00pazomM. DopMyIibl
(2.10) u (1.10) moka3sIBaIOT, YTO B YJAJICHHOW TOYKE HAOIIOJCHUS JIFOOOE YaCTUIHOE
paccestHHOE T10JIe, KOTOpOoe 0OYCIIOBJICHO OMpPEIEICHHOMN MMOCNIeI0BATEILHOCTHIO YacT-
U1, JArOIIe BKJIaA B MpaByro dacth Gopmyisl (2.10), ctanoBuTCs yxonsmen chepu-
YECKOl BOJIHOHM, LIEHTPUPOBAHHOM HA IMOCJIENHEW 4YacTULE MOCIEA0BATEIbHOCTH.
Hanpumep, ciaraemoe éfiéfjéflEim CTAaHOBUTCSl YXOJAIICH CHEpPUUSCKON BOJHOM,
LEHTPUPOBAHHOMN Ha i-i YyacTHIle, MOCKOJIbKY camMas JieBasi quaaHas QyHkous ['puHa

IIPUHUAMAET CJIEAYIOIINY ACUMIITOTUYECKUM BUL:

G(r,r') = Gr-R,r'-R) = G(rf,r -R))
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- exp(ik,r,
S (- o) P04

i v,

exp[—ik T, (r' - R))], r'e V.,

rae o0o3HayeHUsl MOsCHAIOTCS Ha puc. 2.3. Kpome TOro, Mbel BOCIOJIB30BAIHCH
CBOMCTBOM TPAHCJISIIMOHHOW WHBApUAaHTHOCTH (yHKIMU G. DT1OoT 3h(deKT mnmeer
MECTO HE3aBMCHMMO OT TUIOTHOCTH YIAKOBKHM YacTHUIl B pacceuBaroiieM ooneme. [lapa-
MeTpbl CTOKCa paccessHHOTO CBeTa, ompenessieMmbie dhopmyroit (1.23), MOKHO Hemoc-
PEACTBEHHO BBIPA3UTh Y€pe3 DJIEMEHTHI TaK Ha3bIBAEMOW JTMAbl KOTEPEHTHOCTH pac-
cesHHoro noss 5°* = E** @ (E**)":
A sca <Sca A sca ~ Sca <Sca ~
A sca <Ssca A sca A Sca <>sca 2 Sca
1 je | 67-57-07 -7 -p™ -0
2 ILt _ésca . <Ssca . ~ sca _ ~ sca . <Ssca . ésca
0 p -9 ¢ -p

(A~ sca <>sca A sca A sca <>Ssca A Sca
(@™ - p -0 -0 -5 0™

I sca

roe 0 u @™ — enMHHYHBIC BEKTOPHI B HANPABJICHUU BO3PACTAaHHS 3CHUTHOTO U
a3UMyTAIBHOTO YITIOB HAIPABICHHS PACCesHMs, TaK 410 N** = 0% x §**. Jlmammoe
npousBefeHue mpaBod yactu ¢dopmyinbl (2.10) Ha cBO€ KOMIUIEKCHOE COMPSIKEHUE
SBIISIETCS. CYMMOM CJlaraéMbIX, KaXKIbI M3 KOTOPBIX OMHCHIBAET pE3yNbTaT HHTEP-
dbepeHun ByX YaCTUYHBIX CPEpUUYECKUX BOJIH, IEHTPUPOBAHHBIX HA IOCIETHUX
YaCcTUIIAX COOTBETCTBYIOIINX MOCIEI0BATEIHHOCTEH.

OpnHa Takas mapa MmocJIeIOBaTEIbHOCTEN YacTHIl MOKazaHa Ha puc. 5.4. Ecim

MHTEPPEPEHIINST COOTBETCTBYIOIIMX YACTUYHBIX C(HEPUUECKUX BOJIH SIBISIETCS KOH-

o .0
° %"
o \9 0 ¢
o FO © \
T

Puc. 5.4. VntepdepeHInOHHOE MPOUCXOKICHUE CIEKI-CTPYKTYPHI.
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CTPYKTUBHOM (IECTPYKTHBHOI), TO OHa CHOCOOCTBYET YBEIWYCHHIO (YMEHBIICHHUIO)

a

MOJTHOW MHTEHCHBHOCTH CBETa, PACCESIHHOTO B HampamieHuu n*“. [lomHas wHTEH-
CHUBHOCTH SIBJISIETCSI CYMMOIl pe3yibTaToB UHTep(EepeHINH, OOYCIOBICHHBIX BCEMH
BO3MOXXHBIMH TapaMy TOCJIEN0BaTeIbHOCTe YacTull. TumuyHas yrioBas IIHpUHA
WHIUBUATYIBHBIX WHTEPPEPEHIIMOHHBIX MAaKCUMyMOB W MHHHMYMOB IPOTIOPIIHAO-
HanmbHa 1/k R, TOrma Kak YMCIO TAKMX MAaKCHMYMOB M MHHHMYMOB PacTeT OYEHb
OBICTPO C YBEIUYCHHEM KOJIMYECTBA YacTHUI] N B 00beMe. DTH JIBa OOCTOSITEILCTBA H
OOBSCHSAIOT MATHUCTYIO CTPYKTYPY AuarpaMm Ha puc. 5.3b—5.3d.

be3ycioBHO, CTpyKTypa CIEKIIOB 3aBUCUT HE TOJIBKO OT KOJMYECTBA 4acTHUIl N,
HO M OT KOHKPETHOTO pACIHOJIOKEHHUS YacTUIl IO OTHOIICHHIO K J1a0OopaTOpHOM
cucteme koopamHaT. Mimmroctparueit atomy cimykar rpaduku 5.3d u 5.3e, KoTOphIC

MOCTPOCHBI 7S IBYX PA3IUYHBIX CIY4YailHBIX, HO (PUKCUPOBAHHBIX KOHGUTYypauuii N =

80 yacTuI, MOKa3aHHBIX Ha puUcC. 5.5.

>

D §

*
v L

o ye oS

Puc. 5.5. [IBe ciyyaitHble peanu3anuu rpymmsl u3 80 yacTuil.

5.3. CraTnueckoe paccesiHue CBeTa

Pucynkn 5.3d u 5.3¢ WUIIOCTPUPYIOT OXKHAA€MBIM JHANa30oH M3MEHUYHUBOCTH
CIEKJI-CTPYKTYPBl JaXe MpH MaJCHIIMX BapHaluusaX B CIy4YalHOM MHOTOYaCTUYHOM
koH(purypauuu. OYeBUIHO, YTO HH CIEKJI-CTPYKTypa, HU €€ H3MEHYMBOCTH HE
OMKCHIBAIOTCS KJIACCUYECKUMH TEOPHUSMU TMEepeHOca W3JIyYeHHs W cilabol JIoKasu-
3allMM, YTO O3HAYaeT, YTO HU OOHA U3 IMUX Meopull He ONUCblBaem MEHOBEHHOe
cocmosiHue 31eKmpoMaACHUMHO20 U3Iy4eHus B CIlydaliHOM JucnepcHou cpene. Hampo-

THUB, 00e TCOPHUU OTHOCATCA K AUCHUINIMHC CTATHYCCKOI'O PACCCAHHA CBCTA U OIIN-
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CBIBAIOT PE3YJbTAT YCPEAHEHHUS COOTBETCTBYIOIIUX ONTHYECKUX HAOIIOJaeMbIX 3a
CYILIECTBEHHBI MPOMEXYTOK BPEMEHHM WJIM, YTO SKBUBAJIEHTHO, [0 3HAYUTEIBHOMY
JMana3oHy ClydalHbIX KOH(QUTYpaLMii YaCTHII.

YroObl MPOMIUTIOCTPUPOBATH 3TO (PyHAAMEHTaIbHOE OOCTOSATENHCTBO, HaM
HeoOXoauM 3(P(GEKTUBHBIN TEOPETUUCCKUN CIMOCO0 YCpPEAHEHHS HAOIOTaeMbIX
ONTUYECKUX BEIMYHH MO OYEHb OOJBIIOMY KOJHYECTBY CIyYaWHBIX KOHQUTYpaIHii
rpymnsl u3 N yactun. [IpocTol M NpsMOJMHEMHBIM IOAXOJ 3aKIIOYAETCs B
MHOT'OKPaTHOM MCIOJIb30BAHMM TI'€HEpaTopa CIyYalHbIX KOOPIHWHAT JUISi MOJEIUPO-
BaHUsl OOJIBIIOTO KOJMYECTBA PA3IUYHBIX KOHPUTYypauuid u3 N 4HacTHI] C MOCIEeay-
IOIMM YCPEIHEHHEM COOTBETCTBYIOILMX WHIAUBUIYAIBHBIX T-MaTPHUUYHBIX pe3yJIbTa-
TOB. 3HAUUTENbHO OoJiee 3((HEKTUBHBIM IMOAXOAOM SBIISETCS YCPETHEHHE MO BCEM
OpUEHTALMSM OJIHOM CiIy4ailHON KoH(purypamuum u3 N 4YacTHUI] MO OTHOIICHHUIO K
71a00paToOpHOIl cCHUCTEeMe KOOpAHMHAT. DTa MPOLEAypa, MO CyTH, MPUBOAUT K YCpPE.-
HEHUIO M0 OECKOHEYHON HETPEPHIBHOM MOCIE0BATEILHOCTH CIyUYalHBIX peaTn3aliuii
rpynnsl U3 N 4acTHUIl U MTO3BOJISIET BOCMOJIB30BATHCS UCKITIOUYUTENBHO 3(PPEKTUBHBIM U
TOYHBIM KBa3HMAHATUTUYECKUM CIIOCOOOM YCPEIHEHHUS 10 OPUEHTALHSIM, BO3MOKHBIM
B paMKax 7-MaTpUYHOIO mmoaxoza (CM. riasy 3).

Pucynok 5.3f mokaspiBaeT pe3yJbTaT YCpPEIHEHHUS CHEKI-CTPYKTYPHI MO BCEM
OpUEHTaluusAM TOW ke KoH@urypamuu nu3 80 yactui, 4ro ObUIa MCHOJB30BaHa IS
nmocTpoeHuss auarpammbl 5.3d. BuaHo, 9TO 3a HMCKIIOYEHWEM 3aMETHOTO THKAa B
HAIpaBJICHUN OOPATHOTO PACCESTHHs CIEKI-CTPYKTypa MPAKTUYECKH Hcue3na. ITO U
HE YIUBUTEIBHO. JI€HCTBUTENBHO, KaXKIAbI CHEKI SIBISETCS PE3yJbTaTOM KOHCTPYK-
TUBHON WM JAECTPYKTHMBHOW WHTEp(EpPEHIINH [BYX YACTHUHBIX BOJIH, PACCESTHHBIX
BJIOJIb ONPENEICHHBIX MOCIEI0BAaTEIbHOCTEH YacTHI], KaK IOKa3aHO Ha puc. 5.4.
Pazuuna a3 Mexy 4acTUYHBIMU BOJIHAMU MEHSIETCS CIIy4aliHbIM 00pa3oM MO Mepe
IBVKEHUS YacTHI, TaK 4YTO CpPEAHUN pe3yJapTaT HHTEP(PEPEHLHH OKa3bIBAECTCS
HyJIeBbIM. CyIIECTBYIOT, OJHAKO, Mapbl YaCTUYHBIX BOJIH, KOTOpbIE BCErJa HWHTEp-
GepupyoT KOHCTPYKTHBHO U, TakuM 0O0pa3oM, OTBEUYAlOT 3a OCTAaTOYHOE pac-

MMpcACICHUC MHTCHCHUBHOCTHU PACCCAHHOTO CBCTA. B YaCTHOCTHU, MbI ITOKAXXEM HHMIKC,
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YTO KaK MUK MHTEHCHBHOCTH B HampaBICHUH OOpPATHOIO paccesHus, TaK W TIaJKHi
¢don wmHTeHCHMBHOCTM Ha puc. 5.3f o0ycrnoBieHbl OCOOBIMHU TPYNIIAMU TaKUX Map
YaCTUYHBIX BOJIH.

B nocnenyromeM H3I0KEHUUM Mbl OyJeM CHUCTEMAaTHYECKH MCIOJIb30BaTh
MaTEMaTUYECKYI0 KOHIIENIIMI0 MHOTOKPATHOIO pacCesHHsl I HHTEpIpeTaluu
pa3nuuHbIX 3((HEeKTOB, 00YCIOBICHHBIX YBEITUUYEHNEM KOJIHMUECTBA YacTUIl B 00beMe V
CIIy4YallHOM JHCKPETHOW Cpeapl. B COOTBETCTBMHM CO CKAa3aHHBIM BBIIIE, PACUETHI
CTaTUYECKOTO paccesHus OyayT BBIMONHITHCS MyTEM YCpEAHEHHs HaOII0daeMbIX
ONTHYECKUX BEJIWYMH MO BCEM OPHUEHTALMIM OJHOM ciydailHOM KoH(purypauuu N
YaCTHUII [0 OTHOILIEHUIO K JIADOpaTOpHOU cucTteMe KoopAuHat. bonee Toro, mapameTpsl
Crokca majarollero M paccesiHHOro CBeTa OyJIyT OMNpENesiThCsl MO OTHOIICHUIO K
IJIOCKOCTH PACCESHUs, YTO MO3BOJIMT HCHOJb30BATh KOHUEHNUUIO HOPMAJIHU30BAaHHOMN
MaTpPHITBI paccesiHus, faBaeMont popmymamu (2.58)—(2.60).

JleBass BepxHss auarpamMma Ha puc. 5.6 OTYETVIMBO BBISBIIAET HECKOJIBKO
(dbyHIaMEHTAJIbHBIX CIEICTBUI YBEIHUEHUS KOJIWYECTBA YacTULl N B pacCeHBAIOIIEM
oobeme oT 1 10 240, 94TO COOTBETCTBYET YBEIMUYEHHUIO TUIOTHOCTH YITAKOBKU YaCTHUI OT
0.1% no 24%. Bo-mepBbIX, KOHCTPYKTHBHAs HHTEPPEPEHILMsS YACTUYHBIX BOJIH,
OJTHOKPAaTHO pACCESHHBIX WHIMBHUIYAJIbHBIMH YacCTHULAMU B HAMNpPaBICHUH MPSIMO
BIIEpE], IPUBOJUT K CHJIBHOMY YCHJIEHHIO MHTEHCUBHOCTH npu O = 0° [199, 202,
293]. D10 3aMeuaTenbHOE SIBJIEHWE IIOKa3aHO Oojee JeTaibHO Ha puc. 5.7a u
oOBsicHsieTcst Ha puc. 5.8. Ero M0OXHO Ha3BaTh JIOKaTU3alMed 3JIE€KTPOMArHUTHBIX
BOJIH B HAINpABIEHUU NPSMO Bheped. JleMCTBUTENBHO, HANpaBIEHUE MPSMO BIIEpEN
ABIISICTCS YHUKAJIbHBIM B TOM CMBICIE, YTO (pa3bl YaCTUYHBIX BOJH, OJHOKPATHO
paccessHHbIX BCEMH YAaCTULIAMH B 00BEME, OKA3bIBAIOTCA COBEPIIEHHO OAMHAKOBBIMU
HE3aBUCHMO OT KOHKPETHBIX KOOpAMHAT dYactull (cMm. puc. 5.8a). B orcyrcTBUE
MHOTOKPAaTHOTO pPaccesHUsl KOHCTPYKTHUBHAS MHTEPPEPEHLNs ITHX YaCTUUYHBIX BOJH
npuBesla Obl K BO3pacTaHMIO MHAUKATpuchl paccesHus a,(0°) B N pas3. Takoe
BO3pacTaHue JEeUCTBUTENbHO HaOmogaercs it N =2 u 5 Ha puc. 5.7a, HO 3aTEM OHO

3aMe[uigeTcss mo mepe pocra N, B pesynbrare 4dero 3HadeHue «,(0°) ocraercs



50

=50

-100
100

50

-50

—-100

L as/a, (%) a
i | . |

:.,‘,ﬂ ‘A, :
e v 7
. —b,/a, (%) ]
0 60 120 180

Yron paccesHus (rpag)

100

75

50

25

100

50

=50

-100
100

50

-50

-100

. a,/a, (%) i
B — 20 )
- 40

i —— 80

- — 160

B 240

. a,/a, (%)

i | . |

. ,vé‘égggsgh» ‘é§§§ |
- ~———"

" b,/a, (%) ]
0 60 120 180

Yron paccesHus (rpag)

130

Puc. 5.6. DneMeHTh HOPMATM30BAHHOW MATPUIIBI PACCESHUS, BHIYUCICHHBIE TS
chepuueckoro paccenBaroiiero oorema ¢ kiR = 40, 3anonuennoro N = 1, ..., 240
JaCTHUIIAMHU.

MPAKTUYECKU HEU3MEHHbIM 1t N = 160. D10 moBeieHUE MOXKHO OOBSICHUTH B

TepMHHAX crenuduyueckoro 3pdexra MHOTOKPATHOTO PAacCesHus, B pe3ysibTare KOTO-

poro yactuna 3 Ha puc. 5.8b «3areHseT» 4acThily 2 MOCPEACTBOM OciabieHus maja-

IOLIETo M0oJIsA, BO30y:kaatomiero yactuiyy 2. Kak Mbl yBUIMM B cleAyIOIIeH Ii1aBe, 3TOT
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Puc. 5.7. CeropacceuBaroiue cBONCTBa chepudeckoro oobremMa cirydyaiHou auc-

TIEPCHOU CPEBI.

3(1)(1)€KT MHOTI'OKpPATHOI'O pacCCiAHUA IIPUBOAUT B KOHCYHOM HTOIC K OKCIIOHCHIHAJIb-

HOMY 3aKOHY ocia0JIeHus B TCOPHH IICPCHOCA U3TTYUCHUS].

BO-BTOpLIX, HHAUKATPpHUCAa PaCCCAHUA HAYHMHACT IIPOABIIATH paCTYH_II/Iﬁ IIMK B

HaIlpaBJICHUHU PACCCAHUA TOYHO Ha3ald, KOTOpBIﬁ CTaHOBHUTCS OCOOCHHO 3aMETHBIM IIpu
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Puc. 5.8. ntepdepeniius B HanmpaBIeHUU MPSIMO BIEPE]I.

N > 160 (cm. puc. 5.7b). DTOT NUK ABIAETCS TUIMHYHBIM ClIeACTBHEM 3 dekTa caadboit
JIOKQJIM3allUK DJIEKTPOMArHUTHBIX BOJIH B HAmNpaBlICHUH Ha3al, KOTOPBIA TaKxkKe
M3BECTEH TOJI Ha3BaHHWEM 3(deKTa KOrepeHTHOro oOpatHoro paccesHus. (Tepmun
«cnmabas JOoKamu3alus 3JIEKTPOMArHUTHBIX BOJH» ObUT BBeleH (u3MKaMH, padoTaro-
IIMMH B 00JacTU TEOPUU TBEPAOIO Teja, MO aHAIOruu ¢ 3pdexToM crnaboi JoKaIu-
3alluy SJEKTPOHOB B 3arpsi3HEHHBIX MeTaiax [246]). CrangapTHoe OOBSICHEHUE

cnaboi JIoKanu3aluK MPEeACTaBICHO Ha puc. 5.9 u 3akmoudaercs B cieayromem [33].

o./orn—l
?o/" o \0
o r? o N\

Ainc A A inc
n T n sca n

Puc. 5.9. Wnrepdepennmonnoe npoucxoxacHue spdexra
cJ1aboii JToOKau3aIny.

CornpsikeHHbIE YaCTUYHBIE BOJIHBI, PACCESIHHBIEC BJIOJIb OJTHOM U TOM K€ LEMOYKU U3 N
YacTHI], HO B MPOTHUBOMOJOXKHBIX HAMpPABJICHUSIX, HHTEPHEPUPYIOT B JajJbHEH 30HE,

MpUYEM XapakTep UHTep(EPEHIINN 3aBUCUT OT COOTBETCTBYIONIECH pa3sHOCTH (ha3:

A = k(r, —r) (8™ + /™). (5.1)
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Ecnu HanpaBnenue paccessHust n* HaXOTUTCS JaJIEKO OT HAIPABJICHUS TOYHO Ha3aJ,
JIABAEMOT0 EIUHMYHBIM BEKTOpoM —h"™, To cpemuuii >pdekT unTepdepeHuun
COMPSDKEHHBIX YACTUYHBIX BOJIH OYJIET HYJIEBBIM BCIIEICTBUE CIYYAHOCTH B PACIIOJIO-
keHMH dacTuil. OJHAKO B HAMpABIEHHH TOYHO Hasax, N*“ =-n" pasauna ¢as
MEXJY COIPSDKEHHBIMH BOJHOBBIMH TPAaCKTOPUSIMH, MPOXOASIIUMH Yepe3 J00)i0
[ETI0YKY YacTHIl, 00pamiaeTcsi B HYyJIb TOXKICCTBEHHO, YTO MPHUBOAHUT K HEU3MEHHO
KOHCTPYKTUBHOU MHTEP(HEPEHIIUH U, CIICAOBATEIBHO, K ITUKY B MHTCHCUBHOCTH.
TpeTbuM cHEICTBHEM YBEIWYCHUS KOJNMYECTBA YacTUI] N SBISETCS TO, YTO
MHAMKATpUCca paccessHus o0bema B 06macTu yrioB paccesHus 30°< @ <170° crano-
BUTCS Bce Oosiee W Oojee TIaJKoil, mpUBOAS, TaKUM OOpa3oM, K BO3HMKHOBEHHIO
«audpdysznoro» ¢ona, xopomo BugumMoro Ha puc. 5.3f. OCHOBHBIM BKJIATYMKOM B
(OHOBYIO WMHTEHCHUBHOCTH SIBJISIETCSI OCOOBINM Kacc Map YaCTHUYHBIX BOJH, MpPUMED

KOTOpeIX MokKazaH Ha puc. 5.10. Temepp wactnuHass BonHA, paccesiHHas BAOJb

MOCTIEIOBATEIbHOCTH M3 /1 4YacTull, HHTepdepupyer cama c coboi. I[lockombky

O/vof1
?o/oo
o .0 O

TO\

Puc. 5.10. HuTepdepeHrmonHoe MPOUCcX0oXaeHne GOHOBON
WHTEHCUBHOCTH.

COOTBETCTBYIOIIAsA PA3HOCTh (Pa3 TOKIESCTBEHHO paBHA HYJIIO HE3aBUCHUMO OT KOHKPET-
HOTO PaCIOJIOKEHHSI YacTHI], caMO-UHTEepP(EPEHIUsI BCET/Ia OKa3bIBACTCSI KOHCTPYK-
TUBHOU. [I03TOMY BKJIaJ 3TOM TpyIIIbI ITap YaCTUYHBIX BOJH YIIEIEBAECT B MPOLIECCE
yCpEIHEHHs 110 MOJNOKEHHAM dYacTHI[ MIs MoOsix A™ u A’ OTHOcHTenbHas

INIaJKOCTh (DOHOBOM WHTEHCHUBHOCTH MOKET OBITh KAa4€CTBEHHO WHTEPIPETUPOBAHA
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KaK TUIMHYHBIA Pe3yibTaT YCHJIMBAIOIIETOCS MHOTOKPATHOTO PACCEsIHUS C POCTOM N,
BCJIC/ICTBUE YETO CBET, MPETEPIIEBUINI MHOTO «aKTOB PAaCCESHUN», UMEET TEHACHIIUIO
«3a0bIBaTh» HAYaIbHOE HANpaBleHHE BXoAa R M BBIXOAUTH M3 CPEIbl B CTaTH-
CTHYECKH TIPOM3BOJIBHOM HampasieHud n** [178].

CreneHb JNMHEWHON MONAPU3ALMU PACCESTHHOTO CBETa B CIIy4ae HEMOJSIPU30-
BAHHOTO TAJAIONIET0 M3JIYYCHHS JaeTcsi OTHOIIeHHeM — b, /a,. PuCyHOK 5.6 mOKa3bi-
BAeT, UTO HauboJiee OYEBUIAHBIMU CIEICTBUSMHU yBEIWYCHHS KOJUYECTBA yacThil N B
paccenBaoIeM 00beME SIBISIOTCS CIVIAXUBAHUE OCHWUISAIUHN, MPUCYTCTBYIOMIMX Ha
MOJISIPU3ALIMOHHONM KPHUBOM I €IMHUYHON cdeppl, U Bce Oosiee HeWTpanbHas
nossipu3anus. CTaHAapTHOE Ka4eCTBEHHOE OOBSICHEHHE ATHX TEHACHUUH B TEPMUHAX
MHOTOKPAaTHOTO PAcCesiHUsI COCTOUT B TOM, YTO OCHOBHOM BKJIaJ BO BTOPOIl mapaMmerp
Crokca BBIXOIAIIETO W3My4deHUss (O naeT MepBbIi MOPSAIOK PacCesHUs, TOr/Aa Kak
CBET, paccesiHHbIi MHOTO pa3 (cM. puc. 5.10), 3a0bIBacT 0 HaYaJILHOM HANpPABICHUU
BXO0/JIa M CTAHOBUTCSI c71a00 MOJISPU30BAHHBIM.

CornacHo Qopmyne (2.65), OTHOILIEHHE @,/a, TOXKIECTBEHHO PABHO €IMHHMIIE
U1 OAHOKPATHOTO pacCestHHsl Ha M30JUPOBAaHHOM cdepuyeckoil yactuie. [loatomy
OpICTpOpacTyiiee OTKJIOHeHHWe 3Toro otHomeHus ot 100% mis N =5, xoporno
Ha0I01aeMoe Ha puUC. 5.6, Takke MOXKHO MHTEPIPETHPOBATh KaK MPSMOE CIIECICTBHUE
YCHJIMBAIOLIETOCS ACTIONSIPU3YIONIETO 3(PPeKTa MHOTOKPATHOTO paccestHus. AHaio-
rudHo, a,(0)=a,(0) u a,(180°)/a,(180°)=—1 mIst OJHOKPATHOrO pACCEsHHs Ha
n30JIMpoBaHHON cepuueckoil yactuie (cMm. dopmynsl (2.65) u (2.66)), Torna kak
MHOTOKpAaTHOE paccesHue TrpynmnaMud u3 N =5 gacTuil NpUBOIUT K OBICTPO yCHIIHU-
BAaIOIIEMYCS HAPYIICHHUIO 3TUX PABEHCTB.

Ecnm nmaparomumid CBET SBISAETCA JMHEWHO ITOJSIPU30BAHHBIM B IUIOCKOCTH
paccesnus, 1o Q" =1" u U™ =V"™ =0. CooTBeTCTBYIOLINE yIIOBbIE pacHpeee-

HUJA MApaJUICIIbHO ITOJIIPU30BAHHOTIO,

(7 +07) o 1[a,(0)+25(0) +a,(0)], (5:2)
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Y NIEPIICHINKYJISIPHO MOJISAPU30BaAHHOTO,

%(Isca _Qsca o %[al(@)_az(@)]a (5.3)

KOMIIOHCHTOB PACCCAHHOI'O0 CBCTA IPCACTABICHBI HA PUC. 5.11. Ortot PUCYHOK TaKXKC

HOKa3bIBaeT Tak Ha3zbiBaeMble sh (same-helicity),

(V) e 3[a)(0) +a,(0)], (5.4)
u oh (opposite-helicity),

(7 =V e 3[a(0) = a,(O)], (5.5)

KOMITOHEHTBI PACCESIHHOTO CBETa IS Ciyyas MaJalollero U3JIydeHHs, MOJsIpU30BaH-
HOTO IO KPYTy MPOTHUB YAaCOBOM CTPENIKH, €CIIM CMOTPETh B HAIPaBJICHUH PacHpo-
crpanernsa (0™ =U"™ =0 u V'™ =I"™). Bce 5TH BeOWYHHBI JEMOHCTPUPYIOT SPDEKT
c1a0oi1 JIOKaM3aly B BUJE TUKOB, IEHTPUPOBAHHBIX HA HAMPABICHUU TOYHO Ha3a] U
PaCTYILUX MO BBICOTE C YBETUUYEHHEM N.

HaunbGonee ybenurenbHON IEeMOHCTpalMeil 3apokaeHuss U »Bomonuu ¢ dexra
cnaboii JIOKaIM3aluy ABJIAIOTCA KpUBbIE Juis BennuuH (@, —a,)/2 u (a,+a,)/2 Ha
puc. 5.11. JlelcTBUTETBbHO, COOTBETCTBYIOIINE KPUBBIE JJISI OJJUHOYHON cheprudecKon
YacTHIIbl BOOOIIE HE MOKA3BalOT HUKAKOTO YCHUJICHUS B OOpaTHOM HAmpaBJICHUH, TAK
YTO THUKH, KOTOpPbIE BO3HUKAIOT M PACTyT C yBenudeHueM N (M, TEM CaMmbIM, C
YCUJICHHEM MHOTOKPATHOTO PAaCCEesHHUsA), MOMXHO OJHO3HAYHO Mpunucath 3pdexty
c1a0oi JIOKaM3aluH.

Pucynok 5.11 Takke T™OKa3blBa€T YTIOBbIE MNPOPWIM TaK Ha3bIBAEMbBIX
HOJSIPU3ALMOHHBIX OTHOLIEHWM i, U [, OIPEAEICHHBIX, COOTBETCTBEHHO, Kak
OTHOUIEHUE MEPIEeHIUKYIISIPHO MOJIIPU30BAHHOTO K MApaLIETBHO MOJISIPU30BAHHOMY
KOMITOHEHTOB M OTHOLIEHUE sh KOMIIOHEHTa K oh KOMIIOHEHTY paccesHHON WHTEH-

CHUBHOCTH:
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Yron paccesHus (rpag) Yron paccesaxus (rpag)

Puc. 5.11. Tlonsipu3anuoHHBIe XapaKTEPUCTUKUA OOpPaTHO PACCESIHHOTO CBETa,
BBIYMCIIEHHBIE JJI1 cpepuyeckoro pacceuBaroiiero oorema ¢ kiR = 40, 3anoin-
"Hengnoro N =1, ..., 240 yacturiamu.

_ -0 _ a,(0) —a,(0) (5.6)
I’'“+0  a(0)+2b(0)+a,(0) '

Ky
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_ 5 4 s _ al(@)+d4(@). (5 7)
I~V 4(0)-a,0) '

He

OTH BETWYHMHBI MIMPOKO HMCHOJB3YIOTCS B PaJapHOM W JIMJIAPHOM TUCTAHIIMOHHOM
3onaupoBanuu [43, 220, 253, 270], mOCKOIBKY OHH MPUOOPETAIOT HYJIEBOE 3HAUCHHE B
HaIpaBJICHUN TOYHO Ha3aj, €CJIM MHOTOKPATHOE paccesHue MPEeHeOpeKuMO Majo, a
paccenBaroIIre YaCTUIIbI SABIAIOTCS cheprudecku cuMMeTpuuHbIMU. Hatmm pe3ynbrarsl
yOeIUTEeNbHO TMOKA3bIBAIOT, YTO MHOTOKPATHOE PAaCCESHHE MPHUBOAUT K BO3pacTaro-
1IEMy OTKJIOHEHHIO 3HAY€HUH Nosspu3anuoHHbIX oTHomeHui x4, (180°) m . (180°)
OT HYJIS, TOTJa KaK ciabas JIOKamu3aus TPUBOIUT K BOSHUKHOBEHUIO SIPKO BBIPAXKEH-
HBIX [TUKOB B OOPaTHOM PacCEesSHUU.

NuTepbepeHIIMOHHBIA  MEXaHU3M TOJIpa3yMeBaeT, YTO YIJIOBas LIMPHUHA
KOTEPEHTHBIX NTUKOB B HANPABJICHUSX TMPSMO BIEPE] W TOYHO HA3aJ JIOJDKHA OBIThH
oOpaTHO TponopIMoHaiibHa k1 R. UTOOBI POBEPUTH ITO KAaYECTBEHHOE MpEJCKa3aHue,
MbI BBITIOJHUJIM pPAacyeThl JJs TPynm U3 (PUKCUPOBAHHOTO KonmuectBa N = §
chepudeckux 4acTtull ¢ k7 = 4, HO cuuTas, 4YTO pa3MEpHBIN mapaMeTp chepruuecKoro
o0beMa, 3aMoJIHEHHOTO YacTHIIAMH, Bapbupyer oT kiR = 12 mo 72 c¢ marom 6.
Pacrionoxxenne BOoCbMH 4YacTWIl BHYTpU cdepuueckoro odwbema ¢ kiR = 12 06buio
CIIy4ailHbIM, HO TaKWM, YTO KaXKJas YacCTHIA HAXOJWJIACh B KOHTAKTE C, 110 MEHBIICH
Mepe, oaHoM dactmiei. [pyrue necsate oobemoB ¢ kiR = 18, 24, ..., 72 Obuin
MOJIYYeHBI MyTEM COOTBETCTBYIOIIETO OJHOPOJHOTO MAaCIITAOMPOBAHUS KOOPIWUHAT
BCEX YaCTHIl, HaxoIAmuxcsi B oO0beMe ¢ kiR = 12, HO Tak, 4yTO pa3Mep YacTHI]
OCTaBaJICsl HEM3MEHHBIM. JTa MpoleAypa NPOUJUTIOCTPUPOBaHA Ha puUcC. 5.12, KOTOpbIi
MMOKa3bIBaeT HCXOAHBIM 00beM ¢ kKR = 12 u mpous3BomgHbIH o0beM ¢ kiR = 24.
Pe3ynprarel COOTBETCTBYIOIIMX 7-MAaTPUYHBIX PACcYETOB MOKa3aHbl Ha pUC. S.7C U
5.7d. BugHo, 4TO mHMpPUHBI 00OUX MUKOB YMEHBINAIOTCS C YBEIMYCHUEM PACCTOSHUS
MEXIY 4YacTHIIAMH, YTO MOATBEPKIAET HMX HWHTEPPEPEHIIMOHHOE MPOUCXOXKICHUE.
[loutn HeW3MEHHas aMIUIMTYyJa TWKa B HANpaBICHUU MPSMO BIepes U OBICTPO

Y6I>IBaIOH_[a$I AaMININTYya IIMKa B HAIIPpaBJICHUHW TOYHO Ha3a/l TAaKXKC CBUACTCILCTBYIOT O
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J J

Puc. 5.12. Cdepudeckne 00beMbI, 3aMOTHEHHBIE BOCHMbBIO
UJCHTUYHBIMU C(HEPUIECKUMU YaCTUIIAMHU.

TOM, YTO 3TH NUKH OOYCIIOBJIEHbl OJHOKPATHBIM M MHOTOKPAaTHBIM pacCEesHUEM
COOTBETCTBEHHO. JleficTBUTENIBHO, claraeMbie B paznoxeHuu (2.13), o0ycioBieHHbIE
OJTHOKPATHBIM pacCesHUEM, HE COAepkKaT MHOXuTeled Tuma 1/(paccTosHHE MEXTY
IBYMsI 4aCTUIIAMH ), TOTJIa KaK ciaraemMble, 00yCIIOBICHHbIE MHOTOKPATHBIM pacCesHu-
€M, COZIEpKAT TAKUE MHOKHUTEIH.

XoTsi pe3ynbTarbl pPacyeToB, IOKa3aHHble Ha puc. 5.6 m 5.11, momyueHsl
MOCPEACTBOM YCPETHEHHSI IO OPUEHTALMSAM TOJIBKO OJHOM CITy4ailHON KOH(UTYpaIuu
N 4acTul, MOKHO OXUAAaTh, YTO OHU CTAaTUCTUYECKU MPEACTABIIAIOT JOOYIO peanusa-
LU0 Tpynnbl U3 N 4acTull, Clly4yalHO pacrpeeieHHbIX Mo chepuyeckoMmy o0beMy ¢
kiR = 40, no xpaiiHeil mepe, nis OoyblIMX 3HAYeHUM N. DTO yOeaUTEIBHO MOJ-
TBEPKAAECTCS PE3yJNbTaTAMH PacyeToB, MOKa3aHHbIX Ha puc. 5.7¢ u 5.7f u coot-
BETCTBYIOILMX JABYM Pa3JIMYHBIM CIIyYalHBIM peanu3anusaM rpynnsl u3 240 gactum.

Bo Bcex onmcaHHBIX BBIIIE pacyeTax pacCEUBAIOIINE YaCTHULBI IPEIITIONAraJInCh
HEIOTJIOIAIINMHU, ITOCKOJIBKY MHMMAs 4acTh MOKAa3aTessl IpesloMIIeHHs ObuIa MoJIo-
’KeHa paBHOU HyJt0. OTHAKO XOPOIIO U3BECTHO, YTO MOTIIOMIECHUE MOXKET 3P (HEKTUBHO
MOJIaBJISITh MHOTOKPAaTHOE PacCesHHe M YMEHBIIATh CPeaHIO 3((EKTUBHYIO IJINHY
TPAEKTOPHUIl BOJIHBI BHYTPU JUCHEpPCHOU cperbl. [1oaTOMy mpencraBisieTcs BaKHBIM
IIPOBEPUTH, B KAKOM CTENEHU HU3JI0KEHHAS BBIIE MHTEPIPETALMS MHOTHX ONTUYECKUX
SABJICHUM B TEPMHHAX MHOTOKPAaTHOI'O PACCESIHMUS CBETAa COOTBETCTBYET OKHIAEMOU

ABOJIIOLINM ATUX SIBJICHUN ¢ ycuieHueM noriomieHus. C 3Toi 1enbio Mbl poBenu 7-
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MaTpU4YHbIE pacyeTsl s cpepuueckoro oobema ¢ kiR = 40, coxepxamero 160
UJEHTUYHBIX CpEepUYecKuX 4actul ¢ ki = 4. JleiicTBUTENbHAs 4acTh MOKa3aTems
MIPEIOMJICHUS YaCcTHIl OblIa TTOJIOXKEHA paBHOU 1.32, Torma kak MHMMas 9actb Im(m)
BappupoBasiach 0T 0 1o 0.3. Pe3ynbTaThl 3THX pacyeToB ITOKAa3aHbI HA puC. 5.13.

Kak yxe oTMeuanocs, 3Ha4UTENbHOE OTKJIOHEHNUE OTHOIUEHUS a,(0O) / a,(®) or
100% 17151 HEMOTJIOIIAOIIMX YACTUL IOTUYHO OOBACHATH CUIIBHBIM JICTIOJSIPU3YOIITUM
BIIMSTHUEM MHOTOKPATHOTO paccesiHus. Pe3ynbrarel, moka3aHHele Ha puc. 5.13,
IOATBEPIKAAIOT 3Ty HHTEprperamuio. JleficTBuTensHO, oTKIOHEeHHE a,(O)/a,(0) ot
100% 3HauMTENBHO yMEHbIIAETCS ¢ pocToM Im(/m), XOTs U HE UcYe3aeT MOJHOCTHIO
naxe st yactuly ¢ Im(m) = 0.3, 4To yka3bIBa€T HA HEHYJIEBOE OCTATOYHOE BIIUSHUE
MHOTOKpaTtHoro paccesaust. OTknoHenne otHomeHust a,(180°)/a,(180°) ot —100%
TOXE BeJIeT ce0s1 aHAJIOTMYHBIM U BIIOJIHE OXKUIAEMbIM 00pa3oM.

MOKHO OXHIaTh, YTO C YCHIECHHEM IOINIOMIEHUsST OTHOIWEeHus a,(0)/a (0),
a,(0)/a(©) u b,(O)/a(O) nas Bcero obbeMa IODKHBI TMPUOIMKATHCS K
COOTBETCTBYIOIIUM 3HAYCHUSIM JIJISl €IUHUYIHOU cdephl. Pe3ynbrarsl, mpuBecHHBIC HA
puc. 5.13, noka3pIBAIOT TaKyI0 TEHICHIUIO, XOTSI OCTATOYHOE BIUSHHUE MHOTOKPATHOTO
paccessHUS BCe €IIe MPUBOAUT K 3aMETHOMY IMIOAABJICHUIO HWHTEP(PEPECHIIMOHHON
CTPYKTYpbl, TUIIUYHON MJi1 MOHOAMCIEPCHBIX yacTull. Bo3pacraromas amiuryaa
octmuisiuit otHoweHust by(@)/a,(0) ¢ poctom Im(m) u aHAIOrHYHOE MOBEICHHE
orHourenuss —b(@)/a,(0) (He MOKa3aHO), OYEBUIHO, PEACTABISIIOT XOPOIIO M3BECT-
HBII B TUTAHETHOM acTpodusuke 3PpdexT YMoBa.

PucyHok 5.13 Takyke WIFOCTpUPYET BIHUSHUE NOTJIOLICHUS HA MTOJIAPU3ALUOHHBIE
OTHOIICHUS [, W M. U Ha BenmuuHy +[a,(0) + a,(O@)]. Buano, uto pocT moromie-
HUSI TPUBOJUT K OBICTPOMY OCJIAOJIEHHIO, a 3aTEM M K MOJHOMY HCYE3HOBEHUIO
OoOpaTHBIX TMHKOB, TUIWYHBIX JJIsS HEMOTJIOMIAIONINX YaCcTHIl. Takoe TOBEACHHE
MOATBEPAKIAACT NPOUCXOKICHUE OOPATHBIX MUKOB 32 CYET MHOTOKPATHOTO PACCESHUS.
Bonee Toro, Xxopoio u3BECTHO, YTO MOTJIOIICHHUE JOJKHO YMEHBIIATh IUANa30H yTJIOB
paccesiHUs, TOABEPKEHHBIX BIMSHUIO CIa00W JIOKamu3aluu, 3a CYeT MOAaBJICHUS

CaMbIX JUIMHHBIX BOJHOBBIX TPACKTOPHM BHYTPH JAHUCIEPCHON cpenbl [64]. OToT
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Puc. 5.13. CseropacceuBaroiiue CBOMCTBa cepuyeckoro odbema cirydyaiHON
JIUCTIEPCHOM CPENIBI.

3 exT XopolIo BuAEH Ha puc. 5.13, ocoOeHHO Ha rpaduKax Uil 4, U U,.
MpbI MOXeM, TAKUM 00pa3oM, 3aKIIOYHTh, YTO TPU (PYHIAMEHTAIBHBIX THIIA TTap

YaCTUYHBIX BOJIH, M300paKCHHBIX cxeMaThuecku Ha puc. 5.8, 5.9 m 5.10, BHOCAT
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OCHOBHOM BKJIaJ B (POPMHUPOBAHUE CIIELIU(PUUECKUX YTIIOBBIX 3aBUCUMOCTEN CBETOpAcC-
CEMBAIOILMX XapaKTEPUCTUK IUCHEPCHBIX Cpell, MOKa3aHHbIX Ha puc. 5.3f, 5.6, 5.7,
5.11 u 5.13. B cienyromei rinaBe Mbl YBUAUM, KaK U B KAKOW CTEIIEHU 3THU THIIBI I1ap
YACTUYHBIX BOJH BKIIOYEHBI B MHUKPO(PHU3NYECKUE TEOPHH IEPEHOCAa H3IYUYCHHS H

c1a00M JIOKaTU3aIuu.

5.4. KounyecTBeHHbIE YCJIOBUSI IPUMEHUMOCTH NPHOJIMKEHUS

OTHOKPATHOI'0 pacCesiHUsA

[Tonxon, MCHONB30BAaHHBIA BBINIE Ui aHAIM3a KOHIIETILUKA MHOTOKPATHOTO
paccessHus, MOXXHO MPUMEHHTh W K BBIBOJY KOJIMYECTBEHHBIX OIEHOK O0OJacTH
NPUMEHUMOCTH TPUOMIKEHUSI OJHOKPATHOTO pacCestHus. ITO TO3BOJUT HaM
JOTOJIHUTh M KOHKPETU3WPOBATh KAYECTBEHHBINH TEOPETUYECKUI aHaJIN3, BBHITOJIHEH-
HBI B pasmene 2.5. Kak u mpu mpoBeneHu:m pacdetoB s puc. 5.7¢ u 5.7d, MbI
MperoiaraéM, 4To KOJMYECTBO YACTHIl B PAaCCEUBAIOLIEM O0BEME M UX Pa3MEpPHBI
napaMeTp U MoKaszaTelb MPeTOMIICHUsI OCTatOTCA Heu3MeHHbIMU (N =8, kir =4 um =
1.32), Torna xkak pa3MepHbli mapameTp chepruueckoro oobema Bo3pacTtaeT oT k1R = 12
10 72 ¢ warom 6 (cMm. puc. 5.12). Dta npouenypa 1mo3BoJsieT BaApbUPOBaTh INIOTHOCTb
YIAKOBKH 4YacTUIl p B paccemBaromeM odveme ot 29.6% no 0.14%. 3aduxcuponan
pa3Mep YacTHIl, HO YBEJIMYMBAs CpPEIHEE DPACCTOSHHE MEXAY HUMH, MBI MOXEM
MPOCIIEIUTh OCJIa0JIeHNe U TIOCTENEHHOE UCYE3HOBEHHUE PAa3INYHBIX 3(P(HEKTOB MHOTO-
KpPaTHOT'O paccesHUs U, TAKUM 00pa3oM, 3apOKJIEHHUE peKMMa OJTHOKPAaTHOrO pacce-
aHus. Takue pacdersl AalT MPSMYI0 KOJWYECTBEHHYIO OIIEHKY MUHUMAIBHOTO CPEe.-
HEr0 pACCTOSHUA MEXIy 4YacTHIaMH, OOECIEeYMBAIOLIETO TPeOyeMyl0 TOYHOCTb
npUOIMKEHUS OTHOKPATHOTO PACCESHUS.

Pe3ynbTaTthl COOTBETCTBYIOIIUX 7-MAaTPUYHBIX PacueTOB MPUBEICHBI HA pHC.
5.7¢c,5.7d, 5.14 u 5.15. B wactHoCTH, puc. 5.14 moka3siBaeT 6€3pa3MepHOE OTHOIIICHHE

CEUYCHUM 9KCTHUHKINWHU, OIIPCACIICHHOC KaK
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Puc. 5.14. OtHomenus, onpeneneHubie hopmynamu (5.8) u (5.9).

C.,, (pacceuBaromuii 00beM)

(5.8)
8C. (onHa yacTua)

N OTHOICHUC MHAWKATPHUC PACCCAHUA B HAIIPABJIICHHUUN IIPAMO BIICPCH, OIIPCACIICHHOC

Kak

a,(0 = 0°, pacceuBaromuii 00bHEM)

8a,(®=0° onHa yacTuua) (59)
Ha sTOM pucyHKe Taxke yka3aHbl IUNIOTHOCTb YIIaKOBKU YacTHIl p W BelIM4YUHA k,(d)
Kak pyHkuuu kR, rioe (d) — cpeaHee paccTosHUE MEXAY LEHTpaMu dacTull. PucyHok
5.15 noxka3sIBaeT 3JIEMEHTH HOPMAJIIM30BAHHON MATPHUIIBI PACCESHMS KaK Ul pas3iInd-
HBIX PacCeMBAIOIIUX O0BEMOB, TAK U JIs1 OJMHOYHOM YaCTHULBI.
Kak Mbl momMHUM, OpUOIMKEHHE OJHOKPATHOTO pAcCesHHs OCHOBAaHO Ha
MPENONI0KEHNN, YTO MOXHO IpPEeHeOpeyYh OTKIMKOM KaXKI0H 4YacTHIBI Ha 3JIEKTPO-
MarHMuTHOE BO30Y>KJIEHHE CO CTOPOHBI BCEX APYTHMX YACTHIl U CUUTATh, YTO Kaxaas

qacTtuia B036Y)KI[aCTC$I TOJIBKO BHCIIHHMM ITaAAKOIIIKUM ITIOJICM. I[J'IH 9TOro pacccu-
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Puc. 5.15. DneMeHThl HOPMaJIU30BaHHON MATPULIbI PACCESHUS.

BAIOIIMA 00BEM JOJKEH OBbITh ONTHUYECKHM TOHKUM, a CPEAHEE PACCTOSTHUE MEX]Y
YacTUIIAMHU JIOJKHO OBITh JIOCTATOYHO BeJMKO. [IoporoByro onTHYECKYyrO TONILHUHY
Uist 00beMa, 3alOJHEHHOTO IIUPOKO Pa3HECEHHBIMH YAaCTULIAMH, MOYKHO OLICHUTh Ha

ocHOBe QopMyibl (2.56), Torna Kak 4MCIIEHHbIE JaHHbIE, TPUBEAEHHbIE Ha puc. S.7c,
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5.7d, 5.14 u 5.15, MO3BOJSAIOT OLIEHUTh MUHUMAIBHOE JOMTYCTUMOE PACCTOSIHIE MEXKIY
YaCTULIAMHU.

B cooTBeTcTBUHM € MPOCTHIM MPUOIMKEHHUEM OJHOKPATHOTO PAaCcCesHUsi, OTHO-
HIEHUE CEUYCHUM IKCTUHKIMHU (5.8) AOMKHO paBHATHCS eMHUIIE. boee Toro, coriiacHo
MOIU(DULIMPOBAHHOMY HEKOPPEIMPOBAHHOMY MPUOIMKEHUIO OAHOKPATHOTO pacces-
HUS, 3JIEMEHTbl HOPMaJM30BaHHOM MaTpPHIIBI PAacCESHUS NJIs BCEro 0O0beMa JOJKHBI
COBIAJaTh C TAKOBBIMU JJISi €IMHUYHON CPepruyecKoil 4acTuilpl, a oTHouieHue (5.9)
JOJDKHO paBHATHCS enuHMIE. Pucynku 5.14 u 5.15 neMOHCTPUPYIOT OTKJIIOHEHMS OT
ATUX YCIOBUH AN PAa3NUYHBIX IUIOTHOCTEH YMaKOBKH 4YacTUll. B wactHOCTH, OHH
IIOKa3bIBAIOT, YTO MJIOTHOCTh YMAKOBKHU JOJKHA ObITh HaMHOro MeHblie 1% u k(d)
JIOJDKHO ObITh HaMHOTO Oosbiie 30, 4TOOBI pasHHUIA MEXAY TOYHBIMH M NPUOIHU-
’KECHHBIMU pe3yJbTaTaMu Oblja mpeHedpexxnumo manoi. Toro ke TpedyeT, B 4aCTHOCTH,
nogasienne dpdekxra cmabol JOKaIM3alMd HAa WHIWKATPUCY paccesHus, puc. 5.7d.
Pucynok 5.14 noka3bpIBaeT, 4To C pOCTOM k1R OTHOIIEHHE HHAUKATpUC paccesiHus (5.9)
npUOIIKAETCS K CBOEMY aCUMITOTHYECKOMY 3HAUCHUIO 3HAUNTENBHO MEIJICHHEE, YeM
OTHOILIEHHE ceueHUM 3KkcTUHKIMU (5.8). PucyHok 5.7¢ Taxke mokasbiBaet, uro k,(d)
JOJHKHO OBITH HAMHOTO 60s1bIe 60 A7t TOro, YTOOBI KOTEPEHTHBIN MUK B HAPABICHUH
IPSIMO BIIEPE CTa TIOCTATOYHO Y3KUM U HE BIMSUT HA MHTEPIIPETALNIO TaOOPATOPHBIX
U3MEpPEHU B pamMKax MOAU(PHUIMPOBAHHOTO HEKOPPEIUPOBAHHOTO MPUOIMKCHUS
OJTHOKPATHOTO pacCesHusl.

Takum 00pazom, HamM CTPOTHE M YHUCIEHHO-TOYHBIE 7-MaTpUYHBIC PACUETHI
MOKa3bIBAIOT, YTO NMPUMEHEHHE MPUOIMKEHHSI OJHOKPATHOTO pPacCesHUS K Tpymram
YaCcTHUIl C pa3MepaMy, CPAaBHUMBIMH C JITMHOW BOJHBI CBETa, TPeOyeT OYeHb HU3KHUX
IUIOTHOCTEH YMAKOBKU U OOJBIIHUX CPEIHUX PACCTOSHUN MEXIy LIEHTpaMH YacTHII.
Mo>XHO O0XHJaTh, YTO JAJbHEUIINE HCCIEIOBAHUS TO3BOJSAT PACHpPOCTPAHUTH HAII

aHaiu3 Ha OONBIINE U, BOZMOXHO, TTOJHIUCIICPCHBIC YACTHUIIHI.

5.5. OcHoBHBIE pe3yabTAThI

PG3YJ'IBTaTBI, HU3JI0KCHHBIC B 3TOM riiaBe, MOCIYKHWJIN BOZHUKHOBCHHWIO HOBOT'O
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paszena CTaTUCTUYECKOM ONTHKH, B PAMKaX KOTOPOTO MHOTOKPAaTHOE PAaCCESHUE CBETA
B MAKPOCKOIIMYECKUX CIyYaMHBIX JUCIIEPCHBIX CPENAX M3Y4daeTCs Ha OCHOBE NPSAMBIX
YUCJIEHHO-TOYHBIX PEIICHHW ypaBHeHMM MakcBema. Becb marepuan 3TOM Ti1aBbl
ABIISIETCSl OpUTHHAIBHBIM. K Hanbosee cylecTBeHHBIM Pe3yIbTaTaM OTHOCSTCS CIEay-

FOIuc:

1. IlpsaAmass 4uciieHHas NEMOHCTpAlMs W KAaYECTBEHHBIM aHAIW3 IPOUCXOXKIECHUS
CHEKJI-CTPYKTYpPBl TMPH PACCESHUU 3JIECKTPOMArHUTHON BOJHBI (PUKCHPOBAHHOU
KOH(Urypalye 4acTull U €€ 3aMbIBaHUs B PE3yJIbTaTe YCPEIHEHUS IO aHCAMOJIIO
[203].

2. llpsmas yucineHHass AEMOHCTPALMSA U KAYECTBEHHBIM M KOJIMYECTBEHHBIA aHAIINA3
3¢ (HEeKTOB MHOTOKPATHOTO PACCESHUS JICKTPOMArHUTHBIX BOJIH MPH CTATUYECKOM
paccessHuM CBETa CIIy4alHbIMM JUcCIiepcHbIMU cpenamu [203, 162].

3. llepBas ogHO3HAYHAs AEMOHCTpALUs COBOKYMHOCTH 3((exToB crmaboil IoKaiu-
3aI[MU JJIEKTPOMAarHUTHBIX BOJH HA OCHOBE IPSAMBIX YMCJIIEHHBIX PELICHHUMN ypaB-
HeHn MakcBeia Jj1sl CilydailHbIX JUCKPETHBIX cpea [203].

4. TlepBblii KOJTUYECTBEHHBIM aHAINW3 O0JACTH NPUMEHUMOCTH MPUOIMKEHHS OJIHO-

KpaTHOT'O paccestHUsl Ha OCHOBE MPSIMBIX pelleHnil ypaBHeHuid Makcsema [203].
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I'TABA 6

MUKPOPU3INUYECKUE TEOPUU IEPEHOCA U3JIYUYEHUA U CJIABOI
JOKAJIN3ALIMU B COIYYAMHBIX JUCHEPCHBIX CPEJAX

PanHsass wucropust (PEHOMEHOJIOTMYECKON TEOPUHM IEPEHOCA, OMMCHIBAIOIICH
MHOTOKpPAaTHOE pacCesHHE CBETAa B Pa3peKEHHBIX JMCIEPCHBIX CpeAax, NPHUBEACHA B
pabote [7]. ABTOp MOKa3bIBA€T, YTO MpOCTeMIIas popMa ypaBHEHHs MEPEHOCA, 3aIlu-
CaHHOro 0e3 ydera MOJSPU3alUUd U C IPHUBJICUYECHUEM HJI€ATU3UPOBAHHBIX H30TPOITHO
pacceuBarolllX LIEHTPOB, ObLla BIEpBbIC MNpuBeAcHA B cTaThax Jlommens [121] u
XBonabcoHa [48]. K coxalieHnto, 3T paHHHE padOThI JOJIT0€ BPEMsI OCTABAIUCH MOYTH
HE3aMEUEHHBIMU, BCJIEJICTBUE YETO BBEJCHUE YPABHEHUS IEPEHOCA B HAYUHBIA 00MXO/]
TpaguuroHHO npunuceiBanock llycrepy [242].

[lepBasi moOmMbITKAa YYECTh MOJSIPU3ALUMOHHYIO MPHUPOAY CBETa MpUHAAJIEkKana
I'ancy [71]. OnHako OH MpoaHaNU3UPOBAJ JUIIb YACTHBIN CIIydaid p3J€eBCKOM MIIOCKO-
MApaUIETBHON CPEABI, OCBEIICHHOU MNEPINEHAUKYIAPHO MANAKOIIUM CBETOM, U yYET
TOJIBKO JABa MepBbIX napamerpa Ctokca. OOImMiA ciiydail p3JeeBCKOr0 pacCessHUs C
MOJIHBIM YYE€TOM TOJISIpU3alnu ObUT AeTanbHO M3yueH Yannpacekapom [45]. Hakownerr,
Pozen6epr [15] mpeackazan camyro oO1iyro GopMy ypaBHEHHUS MEPEHOCA, TOTHOCTHIO
YUUTHIBAIOIIYIO MOJIAPU3ALMIO U TPUMEHUMYIO K YAaCTULIAM C ITPOU3BOJIbHBIMU pa3Me-
pamu, GopMaMH U OPUEHTALIUSIMHU.

Co BpeMeHHU CBOET0 BO3SHMKHOBEHHS TEOPHs NEPEHOCa YCIEUIHO MPUMEHSIach B
TaKUX HAy4YHBIX 00JIaCTSAX Kak aTMocdepHas ontuka [8, 18, 19, 36, 74, 79, 88, 115, 116,
119, 120, 127, 274, 286, 289], auctanumonnoe 3ouauposanue [70, 91, 244, 253, 270],
okeanorpadus [212, 257], nepenoc uzobpaxenus [290], actpodusuka [9, 12, 18, 59,
78], ouomenununHa [102, 267] u texHomorus [213, 250, 278]. B 1o xe Bpemsi Teopus
NepeHoca Takke MMesa JIOJTYI0 MCTOPHUIO 3allyTaHHBIX M JIaXKe BBOJSIIMX B 3a0ITyXK-
JICHUE U3JI0XKEeHUI ee (pyHIaMeHTaNbHBIX NpUHIMIOB. [lanutpa penHomeHonornyeckux

BbIBOJAOB YpPaBHCHHUA IICPCHOCA B Pa3JIMYHBIX MOHOFpa(l)I/ISIX, yqe6HI/IKaX 151 O630an
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ABJISIETCS YPE3BBIYAHO Pa3HOOOPA3HOM, YTO caMO MO ce0e CIIy>KUT MPU3HAKOM CEPbEe3-
HOW BHyTpeHHeH mpoOsieMbl. C 0JTHOM CTOPOHBI, MHOTHE BBIBOJIbI OKa3bIBAKOTCS BECbMa
KOPOTKUMH U JMOO MPEJCTABISIOT YPaBHEHUE MEPEHOCA KaK AJIEMEHTapHOE CIIEICTBUE
3aKOHA COXPAaHEHUs SHEPIHH, JTUOO0 NPU3BIBAIOT YUTATENS PUHATh YpPaBHEHUE MepeHOca
KaK (yHIaMEHTAJIbHBIA 3KCIIEPUMEHTANbHBIN 3aKOH, HESBHO JOIMOJHSIOUIMN Apyrue
OCHOBHBIE (PU3UYECKHE NPUHLIMIBI, TAKWE KaK 3aKOHbI KJIACCHYECKOM W KBAaHTOBOM
NEKTPOAUMHAMUKHU. C Ipyroil CTOPOHBI, NOSIBUWINCH BBIBOJIBI, IIOJHUMAIOLIUECS 1O YPOB-
HS (UIOCOPCKUX TPAKTATOB, B KOTOPBIX YpaBHEHHE IMEPEHOCA BO3HHMKAET KaK SKOOBI
HEU30€KHOE JIOTMYECKOE CJIEACTBUE MHOTOCTPAHUYHBIX PACCYXACHUM, MOYTH JIUIIEH-
HBIX ()OpMYJI, HO 3aTO IOJIHBIX BEChMa 3araJJOYHbIX «KOJUJIEKTUBHBIX 3PPEKTOBY, «3Iie-
MEHTAPHBIX OOBEMOB» U «HEKOI€PEHTHBIX Jydel cBeTa». HekoTopele W3 BBIBOJOB
YpaBHEHUs MEpeHOoca MPHUBIECKAIOT JaK€ KOHLEMUUI0 (POTOHOB KaK JIOKAaJIM30BAHHBIX
YyacTUl CBETa, JMCKPETHBIX KalleJleK 3HEPIruu, JIMIIEHHBIX (ha3bl, WIM KOPIYCKYII,
JBIDKYIIMXCS 110 3aKOHAM KJIaCCHYECKOM MEXAHUKH.

He3aBucumo oT TOro, HaCKOJbKO PEATMCTUYHBIMUA MOTYT MOKa3aThCsl (PEHOMEHO-
JIOTHYECKUE BBIBOJIbI YpaBHEHUS NiepeHoca Ha nepBbliil B3 [230], Bce OHM HEN30€KHO
OKa3bIBAIOTCS HECOCTOSATEIHHBIMU MPH TIIATEIBHOM aHAINU3E UX (PU3UUECKUX OCHOB [28].
[ToaTOMYy HEYIMBUTENBHO, YTO COBCEM HEJABHO aBTOPHI [126] MpuIUIM K 3aKIIOUYEHHUIO,
yTO “in spite of the extensive use of the theory of radiative energy transfer, no satisfactory
derivation of its basic equation from electromagnetic theory has been obtained up to
now”. bonee Toro, (eHOMEHOJIOTMYECKHE TOIX0/IbI HE TIO3BOJIIOT YCTaHOBUTH (DyHIa-
MEHTAJIBHYIO CBSI3b MEXIy YpaBHEHHEM IepeHoca W 3(pQexToM cinaboil JoKalIu3aluu
AJIEKTPOMArHUTHBIX BOJH. CamMoe I1aBHOE, OHU CKPBIBAIOT TOT HEOCIIOPUMBIH (DaKT, YTO
B TOM CJIy4ae, KOIJla paccesiHie coBepuiaercsi 6e3 M3MEHEHUsl YacTOThI, & PACCEUBAIOIIUE
YaCcTUIbl SIBIIIIOTCS MAaKpPOCKOIUYECKUMU OOBEKTAaMHU C OIPEEICHHBIM T0Ka3aTesieM
IIPEJIOMIICHHS1, YPABHEHUE TIEPEHOCA ONTUCHIBAET MHOTOKPATHOE PACCEIHUE KITACCUYECKHUX
AJIEKTPOMArHUTHBIX BOJH M, CJIEI0BATENbHO, TOMHKHO OBITh BHIBEACHO HEMOCPEICTBEHHO
U3 MAaKpOCKONMWYECKHX YpaBHeHMH MakcBemia Kak CIEICTBHE YeTKO Cc(hopMyIu-

POBaHHBIX M MPOCIEKUBAEMBIX aHATUTUYECKUX MpuoImxkeHuit [3, 31, 58, 158, 263].
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[Ipenpitymme riaBbl AUCCEpTAMKU 00ECIIEYNBAIOT KaK BCe HEOOXOIMMBIE Teope-
TUYECKUE CPEICTBA, TaK U IIyOOKOE KaueCTBEHHOE MMOHMMaHUE MpOoOJIeMBbl ISl TOTO,
YTOOBI MPUCTYHUTh K OOLIEMY BBIBOJY MHKPOCKOIHMYECKHX TEOPUH MEpeHOoca H3IIy-
YEeHUS U CJIa0O0M JIOKAIM3alMi B CIIyYailHbIX JUCIEPCHBIX cpeaax. Mbl MpoieaaeM 3To
Ha OCHOBE aHaJIM3a PacCesHUs MIOCKON 3JEKTPOMATHUTHOM BOJHBI OOJIBIION IPYIITION
n3 N YacTuil, caydyailHO pAaclpeleseHHbIX 0 MaKpOCKoMuyeckoMy o0beMy V. 3a He-
JOCTaTKOM M€CTa MBI TaJUM TOJBKO HAOPOCOK BBIBOJA, OTOCIIAB YUTATENS 3a JETAIA-
MU K 1aBaMm 8 U 14 HenaBHell MoHorpaduu [202] U K OpUTHHAIBHBIM CTaThsaM [152,

154].

6.1. Mukpodusudeckas Teopus ePeHoca U31ydeHUs

B cooTBeTcTBHH € pe3ysbTaTaMu MPEABIIYIIUX TJ1aB, BBIBOJ YPABHEHUS IIEPEHO-
ca u3nydeHus OazupyeTcss Ha HECKOJNbKUX (YyHAAMEHTAIBHBIX MPEANOJIOKEHUSIX H
npubnmxeHusx. IlepBbIM M3 HHUX SBISETCA MPEANOJIOKEHHE, YTO KaKJas dYacTulla
HaXOJUTCS B JalbHEHl 30HE BCEX OCTaJbHBIX YACTHIl MU YTO TOYKA HAOJIIOJCHHS
HaxOJMTCS B JAIbHEN 30HE BCEX YACTHL, COCTABJIAIOIIMX paccenBaromryto cpeny. Kak
MBI YK€ BUJIENIH, 3TO MPEAINOI0KEHUE NIPUBOAUT K PANUKAIBHOMY YIPOUIEHUIO YpaB-
HeHnii Ponnu—Jlakca, B pe3ynpTare 4ero MNOCIECIHUE U3 CUCTEMbl MHTErPAIBHBIX
YpaBHEHUH MpPEBpaIllalOTCsl B CUCTEMY JMHEHHBIX anreOpanmveckux ypaBHeHuid. [lo-
HSTHO, YTO 3TO M3HAYAJIbHOE MPEAINOJIO0KEHUE CYIIECTBEHHO OTpaHUYMBAET 001acTb
IIPUMEHUMOCTH TEOPUH IEPEHOCA, MOCKOJBKY OHO IMOAPA3yMEBAET, YTO IUIOTHOCTH
YIAKOBKHM JUCIEPCHON Cpefibl IOKHA ObITh O4eHb HU3KOM. Tem He MeHee, mociieiHee
YCJIOBHUE BBIIIOJHAETCA B €CTECTBEHHBIX M MCKYCCTBEHHBIX CPENaX JOCTATOYHO 4acTo,
4YTOOBI ONpaBAaTh IMUPOKOE UCIIOJIb30BaAHUE TEOPUH MEPEHOCA.

CooTBeTCTBYyIOIIEE PA3TIOKEHUE MO KPAaTHOCTAM paccesHus (2.13) mosBosiser
MPEJICTaBUTh MOJHOE JIEKTPUUYECKOE T0JIe B TOUKE HAOJMIOIEHUS KaK CyMMY BKJIA0B
OT BOJIHOBBIX TPAEKTOPHUM, MPOXOIAIINX YEPE3 BCE BO3MOKHBIE MOCIEA0BATEIBHOCTH

yactull. Bropoe ¢QyHmameHTanbHOE MpeAnoIoKeHue, Ha3bIBaeMoe MNPUOIMKEHUEM
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TBepckoro [202, 268], cOCTOUT B TOM, YTO BCE BOJIHOBBIC TPACKTOPHUH, ITPOXOASIINE
4yepes3 OJIHY U TY K€ YacTHILy 00Jiee OJJHOTO pa3a, MOTYT ObITh OTOpoIeHbI. JJocTaTou-
HO JIETKO MOKa3aTh, YTO MpHUOJIMKeHnEe TBEPCKOro CTAHOBUTCS aCUMIITOTHYECKH TOY-
HbIM B npefienie N — co. Takum oOpa3om, BMECTO AMArpaMMHOI'O BBIPaKE€HUs, TTOKa-
3aHHOr0 Ha puc. 2.2, Mbl OyneM paboTaTh C YNPOIUEHHBIM IUAarpaMMHBIM BbIpa-

YKEHHEM, MTOKa3aHHbIM Ha pucC. 6.1.

Er)= «+) —0¢ +Y > —o—0t +>3> —0—0 0«

XD —e—o—0—0< + -

Puc. 6.1. Ilpubnuxenue TBepckoro.

B-tpethux, Mbl OyJeM mpennonarath, 4YTo ciay4yalHas JUCHEpCHAas cpefa yIoB-
JETBOPSAET MPUHLHUITY SPTOAUYHOCTH, YTO MO3BOJISET 3aMEHUTh YCPEIHEHUE 110 BpeMe-
HU YCPEIHEHUEM IO KOOPAMHATAM U COCTOSIHUAM YacTHll (CM. pazzaen 2.4).

B-ueTBepThIX, MBI Oy/1€EM CUUTATh, UTO:

® TMOJIOKEHHUE U COCTOSIHUE KaKI0M YaCTHUIBI SBJISIOTCA CTATUCTUYECKH HE3aBHCH-
MBIMH Kak JpYyT OT Apyra, Tak U OT MOJOKEHUU U COCTOSHHM BCEX JIPYTUX yac-
THIL B CPEJIE;

® MPOCTPAHCTBEHHOE paCIpeieNIEHNE YaCTHI] 0 PACCEUBAIOLIEMY O0BEMY SIBIISIET-

ciA CquaﬁHbIM U CTATUCTUYCCKH OJHOPOAHBIM.

Kak u cnenyer oxunaTte, 3TH NPEANOIOKEHU TPUBOIAT K KapAUHAIBHBIM YIIPOILE-
HUSIM BO BCEX TEOPETHYECKMX BBIKIAAKaX. [IpakThueckuid CMBICT NPEANOI0KEHUN
AProANYHOCTH, CIYYaHHOCTH U CTATUCTUYECKON OJHOPOIHOCTH OyJeT 00CYyKIaThCs B
KOHIIE ATOTr'0 pasnena.

CireyromuyM BaKHBIM IIAarOM SIBJIIETCSI KOJIMYECTBEHHOE ONMCAaHWE MHOTIOKpaT-

HO paCCCAHHOIO CBCTA B TCPMHUHAX TCH30pa KOI'CPCHTHOCTH

C(r) = (E(r,) ®E'(r, 1)), ~ (E(r) ® E'(r))y ., (6.1)
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rae uHaekchl R u ¢ 0003HaualoT ycpeaHeHne mo BCEM KOOpPAWHATAM M COCTOSTHHSIM
YJaCTHI] COOTBETCTBEHHO. HammoOMHMM, 94TO COCTOSIHUE YaCTHUIIbI BKIIIOYAET B CEOsI TTOKa-
3aTeNb MpeJoMIIeHHs, pa3mep, Gopmy, opueHTauio u ap. OTMETHM TaKXe, 4TO OIpe-
JIC/ICHHE TEH30pa KOTePEHTHOCTH SIBISICTCS aIeKBATHBEIM B TOM cMsbicie, 4T0 C(r)
SBJISIETCS. HeWcue3arolle BennuuHoil (cMm. pazgen 1.5). BeneacTBue ycpeaHeHus mo
KOOpJIMHATaM YaCTHIl TEH30pP KOTEPEHTHOCTU SBISETCS HEMPEPHIBHON (PyHKIHEH
BekTOopa r. bonee Toro, Ml BCKOpe yOeamMmcsi, YTO TEH30p KOTEPEHTHOCTH MOIYKHO
WCITOJIB30BATh TSI OTIPEICIICHHS] TIPOU3BOIHBIX BEIMYNUH, KOTOPHIC JOMYCKAIOT HETO-
CPEICTBEHHOE U3MEPEHHE.

Paznoxenne TeH30pa KOTEPEHTHOCTH B Psii TBEPCKOTO MOKA3aHO B JHArpam-

MHOM BHje Ha puc. 6.2. Jlns kinaccudukamuy pa3IUYHBIX CJIaraéMblX, KOTOpHIC

EOOE @), = (- +Y o+ Y)Y o0 + 3T oo oe

2222

« + o)

(e +> —0e+>> —0—0ec +D>>> —0—0 0«

+OXD3D —o—o—0—0< + - )*>R,§

Puc. 6.2. Tlpubnmxenue TBepcKoro sl TEH30pa KOTEPEHTHOCTH.

MOSIBJIIFOTCS B Pa3BEPHYTOM 3alMCH BBIPAKEHMS, HAXOJSIIETOCS BHYTPH YIJIOBBIX
CKOOOK, MBI BOCIOJIb3yeMcsl 0003Haue€HHEM, BBEJICHHBIM Ha puc. 6.3a. B 3TOM KOH-
KPETHOM CJIydae BEPXHSsSI M HIDKHSS TPACKTOPUHU MPOXOASAT Yepe3 pa3HbIe YACTHUIIBI.
OnHako 3TH TPACKTOPUH MOTYT MPOXOJUTH M Yepe3 OAHY WK Oojee OOIMX YaCTHII,
KaK MoKa3aHo Ha puc. 6.3¢ u 6.3d ¢ UCIOJIB30BAHUEM IITPUXOBBIX «COCTUHUTEIICH.
Bonee Toro, ecnu Takux OOIMIMX YACTHI[ JBE WM OOJIbIlIe, TO OHU MOTYT BXOJUTH B
BEPXHIOK U HWKHIOIO TPAEKTOPUHU B OJTHOM M TOM XK€ MOPSAIKE, KaK Ha puc. 6.3c, nuim
B 00OpaTHOM MopsJike, kak Ha puc. 6.3d. B nepBom ciydae coeIMHUTEIN OKa3bIBAIOTCS
BEpUKAIBHBIMHU, B TO BpeMsl KaKk BO BTOPOM CJIy4ae OHHM Iepecekarotrcs. PucyHok 6.3e

AacT IIpUMEpP CMEIIaHHOM AuarpaMmsbl, B KOTOpOﬁ JBEC 06HII/IC YaCTUILbI IIOABIISAIOTCA B



151

, ————0<«
(—o—0¢— )RQ(—o—0—0« ) =

_._._‘4_
(@)
(b) () (d)
i Jj k 1 i j k 0

1
— e o o 0« — 6 ¢ 000 0«
i k j i k Imn o

Puc. 6.3. Krnaccudukanus pa3lIuyHbIX WICHOB B MPUOIMKEHUU
TBEpCKOro st TEH30pa KOT€PEHTHOCTH.

OJIHOM U TOM JK€ MOpSAKE, TOrJa Kak JBE Apyrue oOlue YacTHLbl MOSBISIOTCS B
oOpatHOM mopsiake. HeTpyaHo BHIETh, UTO pa3BepHYTOE BBIpAXKEHUE AJI MOCIEAHEN

AauarpamMmmbl UMCCT cnez[yfoumﬁ BHUA:

R R

[Brij - By, - E ikl Ekl() ) E;nc] ® [Erik ) E'k/ ’ élg’l ’ Ejzo ) E;nc]*' (6-2)

ijk J i

ITo camoit mpupoae npudnkeHns TBEpCKOro HU HUXKHSASI, HU BEPXHSIS TPACKTOPHSI HE
MOXET MPOXOAUTH Yepe3 OJHY M Ty K€ JacTully aBa U Ooisiee pa3. [ToaToMy HuKakas
YacTHIa HE MOXKET CIIY>KUTh HA4aJIOM MJIM KOHLIOM JIBYX WJIH 00Jiee COeMHUTEIEH.
Crnenytomee (QyHIaMEHTAIbHOE TMPEANOJIOKEHHE TIPU BBIBOAEC YpaBHEHUS
IIEPEHOCa 3aKJIF0YAETCA B TOM, YTO BCEMH JMarpaMMaMHM C IEPECEKAIOIUMHUCS COEIH-
HUTEISIMA MOXKHO TIpeHeOpeyb. [[1s1 000CHOBaHUS 3TOTO MPEAIOI0KEHNUS PACCMOTPHM
BKJIaJl B TEH30p KOT€PEHTHOCTH, JaBaeMblii nuarpammoit 6.3e. IloacranoBka gopmyn
(2.14)~(2.18) B (6.2) moka3bIBae€T, YTO PE3YJbTHPYIOLIEE BBIPAKEHUE COJEPIKUT
OBICTPO  OCIHWUIMPYIOIIUA  KOMIUIEKCHBIA ~ AKCIOHEHIMAJIbHBIA  MHOXUTEIh
explik, (R; + R, — R, — R;)]. DTOT MHOXHTEJIb MPHUBOAKUT K TOMY, YTO BKJIA]] HarpaMm-
MbI 6.3€ ncyesaer B pe3ysbTare yCPEAHEHUs 110 KOOpAWHATaM j-i U k-il yacTull B rpe-

JieNiaX paccemBaroIiero oobeMa V mpu ycloBHH, YTO BCE JIMHEWHBbIE pa3Mepbl o0bema
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HaMHOI'O NPEBBILIAIOT JUIMHY BOJHBI CBETa. TeM He MeHee, CYLIECTBYET IMOAKIAcC
auarpaMM C MNEPECEKArOUIMMUCS COEIMHUTEISIMU, KOTOPBIM MOXET /1aBaThb HEWUcye-
3aI0IIMI BKJIaJ B TEH30p KOr€PEHTHOCTH. DTOT NOJAKIAcC OyAEeT pACCMOTPEH B pa3Jieie
6.2.

PaccmoTpum Temepp BKiIan auarpamMm 0e3 IMEpeceKarolIMXcsi COeIMHUTEINEH,
nono0HeIX auarpamme 6.3f. IlpucyTcTBHE «HECOENMHEHHOW» YACTHULBI j B BEpXHEH
TPAEKTOPHH MPUBOJIUT K TOABJICHUIO MHOXUTENS explik, (R, + R )], KOTOpBIii ObICTPO
OCLWJUIMPYET MPU U3MEHEHUH TOJIOKEHHs j-H 4YacTHIbl TOBCIOAY B oObeme V), 3a
VCKITFOUEHUEM MPSMOM, COETUHSIONIEH HEHTPHI i-i U k-I 4acTHILL, [€ ITOT MHOXKHUTENb
oOpaiaeTcsi B KOHCTaHTY. BblUnciieHue WHTEerpania, ONMCHIBAIOIIETO YCPEAHEHHE IO
BCEM IOJIOKEHHSIM j-H YaCTULBI, IPU MOMOIIM METO/Ia CTALIMOHAPHOM (ha3bl MPUBOIUT
K HCKJIOYUTEIBHO BaXXHOMY pe€3yJbTaTy: €JUHCTBEHHBIM KOHEUYHBIM CJIEJICTBHUEM
HAIMYUSl HECOEIUHEHHOM /-1 4YacTUIIbI B KOHTEKCTE nuarpaMmel 6.3f sBisercs ocmad-
JIEHUE TO0JIsA, CO3/1aBAEMOr0 k-i 4acTULIed M BO30YKIAOILETO i-F0 YACTHILY, BO3MOXKHO,
conpoBoxaaroieecs 3pHexkToM quXxpon3Ma. AHAIOITMYHO, 3(PPEKT HAIUYUS YacTuL /,
M M 1 OKa3bIBAETCS HEHYJIEBBIM TOJBKO TOI/IA, KOT/Ia BCE 3TH YaCTHIIbl PACIIOIOKEHBI
BJIOJIb MPSIMOM, COEOUHSIONIEH LEHTPBl k- U 0-U YacTHI], U 3aKJII0YaeTcs B Oclald-
JIEHUU U, BO3MOXKHO, JUXPOU3ME.

AKKypaTHO€ aHAJIUTUYECKOE BBIUMCIEHUE COBOKYITHOTO BKJIAJa BCEX JAMArpamMmm
C BEPTUKAIbHBIMU COEIUHUTEISIMU, YCPEAHEHHOIO IO TMOJOKEHHUSIM U COCTOSHUSIM
YacTHI], B KOMOMHAIMU C MPEANOI0KEHUEM, YTO KOJIMYECTBO YacTHUI] N OYEHb BEIUKO,
NPUBOAUT K (QopMylie, NMOKa3aHHOW cxemaTudecku Ha puc. 6.4 [152]. CumBon <
0003HAaYaeT Majaroliee mojie, ociaadIeHHOe HECOCTUHEHHBIMU YaCTHIIAMU 1O MYTH K
TOYKE HAOIIOJICHUS] WK K CaMOW MPaBOM COEAMHEHHOW 4YacTHUIE, JBOWHBIC JTUHUU
0003HAYAIOT aHAJIOTUYHOE OCIa0JIeHNe HECOSAMHEHHBIMH YacTULIAMU BOJIHBI, Pactpo-
CTPAHSIFOIICICS OT OJTHOM COCTMHEHHON YaCTHIIBI K JPYTOM, & CHMBOJIBI £ 0003HAYAIOT
KaK CyMMHUPOBAHHME MO BCEM MOAXOISANIMM YacTHIAM, TaK U YCPEIAHEHHE MO KOOp-
JUHATaM M COCTOSIHHMSIM 3TUX 4yacTul. biaromapsi ceoemy BUIy, AMarpaMMbl B IIPaBOi

4acTu ATOM (opMyJibl Ha3bIBAIOTCS JIeCTHUUHBbIMU. [loaTOMYy Auarpammuyio Gopmyity
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Puc. 6.4. JlectHnyHO€ NPUOIMKEHUE SISl TEH30pa KOTEPEHTHOCTH.

6.4 MOXHO Ha3BaTh JIECTHUYHBIM NPHOIMKEHUEM JMJI1 TEH30pa KOI€PEHTHOCTH.
OueBHsIHO, YTO AMArpaMma paccesHus, Nmoka3aHHas Ha puc. 5.10 U mpoaHamu3Upo-
BaHHAs B paszeie 5.3, OTHOCUTCSA K KIIACCy JIECTHUYHBIX.

Pa3BepHyTO€ aHANMTHYECKOE BBIPAXKEHHE ISl JIECTHUYHOTO TEH30pa KOT€pEeHT-
HOCTU UMeeT (popMy MHTErpajia OT TaK Ha3bIBAEMOT'0 JIECTHUYHOTO YAECTHFHOTO TEH30pa

KorepeHTHOCTH 2| (¥, q):

&) = j 4§ 5, (r, Q). 63)

4

IJIE UHTETPUPOBAHUE MPOBOJUTCS IO BCEM HANPABICHUSIM PACHPOCTPAHEHHS, 3a/1aBa-
EMBIM €TMHUYHBIM BEKTOpOM (. Bosee Toro, MoKHO MoKa3aTh, 4TO EL(r, q) YIOBJIET-
BOPSIET HEKOTOPOMY MHTErpaIbHOMY ypaBHEHHIO nepeHoca [152]. JlecTHuuHBIN crie-
MUQUIECKU TEH30p KOTEPEHTHOCTH MOKHO, B CBOIO OYEpPENb, WCIOIH30BATH IS

OIPCACICHHUA TaK HA3bIBACMOI'0 YACIIbHOI'O BEKTOPa Crokca:

I(r,q) 0@ - Z.(r,@)-06@) + 6@) - Z.(r, @) - $(@)

Teq = Q0@ _ L6 8@ 2,0,0)-0@) - 6@ 2,00 0-0@ | ¢
Ur,a)|  2Vu | -0@) Z.(r, @) ¢(@) - @ - Z.(r,q)-6q)
T (r,§) | [§@) - Z.(r,4)-0(0) — 6(§) - Z.(r,q) - §(@)] |

KOTOPBI TaKKe YAOBIETBOPSIET HMHTETPAIbHOMY YpPAaBHEHHMIO TEpPEHOCa, JIErKO
npeobpazyeMoMy B CIEAYIONIYIO KJIACCHUECKYI0 HHTerpo-nuddepennnanbuyo ¢op-

My, TIpeJicKa3aHHyo B [15]:
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q-VIr,q) = —n, (K@), 1(r,q) + n, j d4'(Z(4,4)).1(r,q"), (6.5)

4

rae (K(q)); u (Z(q,q')); — 01HOYACTUYHBIE MATPULIA SKCTHHKIMK U (a3oBas MaTpH-
113, YCPEIHEHHBIC TI0 BCEM COCTOSIHHSIM YacTHIl, a 1, = N/V — KOIHMYEeCTBO YacTHIl B

enuHuLe oobema. YenbHbI BeKTOp CTOKCa MOXKHO Pa3joXUTh HA KOTEPEHTHYIO H

¢ y3HyIO YacTH:
I(r,d) = 3(G-Aa")L(r) + 1,(r,q), (6.6)
IpUYeM Kaxaas yJIOBJIETBOPSIET CBOEMY COOCTBEHHOMY YpaBHEHHIO IepeHoca:

n™ - VI(r) = —n, (K@™)).1,(r), (6.7)

q-VI(r,q) = —n,(K@).T,(r,q) + n, j dq'(Z(q, ). T,(r,q")

4

+ ny(Z(q, 0")) 1 (r). (6.8)

3nauenue |, Ha ocBemnieHHO rpanuie oobema V naetca BektopoM CToKca majarouiei
BOJIHBI, HO 3aTeM | HCHBITBIBaeT AKCHOHEHIMAIbHOE OcialieHne U, BO3MOXKHO, 3-
(dhexT nuxpousma BHYTpU oObema.

Haubonee BaXHBIMU CIIEJICTBUSIMH MHUKPO(GU3NYECKOTO BBIBOJA ypaBHEHUS

MepeHoca U3JIyueHus SBISIOTCS caenyromue [202]:

e BpBoA ypaBHEHHMsS IepeHoca JUisl ClIydyalHbIX AMCHEPCHBIX Cpea He Tpedyer
byHIaMEHTAIbHBIX (PU3NYECKUX 3aKOHOB, HE COJAEpXKAIIMXCi B MOHOXpOMa-
TUYECKOM TIPEJICTABICHUH MAaKPOCKOMMYECKOW 3JIEKTpOJMHAMUKU. B uacTtHOCTH,
TaKhe HESICHO ONpe/eNICHHbIE KOHIIENIMU KaK KOJJIEKTUBHBIE A((EKThI, AJIeMeH-
TapHbIE PacCEUBaIOIINEe OObEMBbl U HEKOI'E€PEHTHBIC JIy4d CBETa HE MMEIOT HHUKa-
KOTI'0 OTHOILIEHUS K MEPEHOCY JIEKTPOMArHUTHOW SHEPTUU B CIy4YallHOM AUCIEpC-
HOMl cpelie, COCTOsIIEeNH U3 YIPYyro W JIMHEWHO pacceuBaromux vacTuil. IIpencras-
JISIETCSl 3aMeYaTeIbHbIM TO OOCTOATENHCTBO, YTO XOTsSI YPABHEHHE MEpEeHOca U3Iy-

YeHUs] UMeeT (HOPMAbHYI0 MAaTEMaTUYECKYIO0 CTPYKTYpY KMHETHUUYECKOIO ypaBHE-
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HUSI, OMUCHIBAIONIETO CTOJIKHOBUTEIRHYIO nuddy3uto gacturl [37], oHO Hemocpe-

CTBCHHO BBIBOAUTCA U3 B0JIHOBOI TCOPHHU SJICKTPOMAIrHCTU3MA.

VYpaBHeHUEe mepeHoca U3ITy4YEHUs! BBIBOJUTCS MOCPEJACTBOM y4eTa TOJIBKO OJHOTO
KJlacca map BOJHOBBIX TPaeKTOPHUH, MoKa3aHHBIX Ha puc. 5.10 u 6.3f. DddexT Bcex
HECOEJIMHEHHBIX YaCTHI] CBOJUTCS K DKCHOHEHIIMAIBHOMY OCIaOJIEHUIO U JIUXPO-

U3MY.

B KOHTEKCTE TeOpuM IEPEHOCa NU3IIYyUEHHsI CBETOPACCEUBAIOIIME CBOMCTBA YACTHIL
3aal0TCSl B TEPMUHAX MATPHUIbl SKCTUHKIUU U (a30BOIl MAaTpUIlbl, a HE B TEPMHU-
Hax TEH30pa pacCesHus WIM aMIUINTYJHOM MaTpuubl paccesHus. [Ipu sTom kax-
Jasi YacTUIa ¢ €€ UHIUBUAYaIbHBIMU MAaTPHUIIEH SKCTUHKIUHU U (Ha30BOI MaTpulen
3aMEHSETCS HEKOTOpPOHl CpelHed 4YacTHIeW, MaTpuia SKCTUHKIMUA H (azoBas
MaTpHULa KOTOPOU IMOIYUYEHBI IOCPEICTBOM YCPEAHEHUS IO BCEM COCTOSTHUSAM BCEX

qaCTHII.

B pamkax ctporux ypaBHeHH Dongn—Jlakca mepBUYHBIM HUCTOYHHKOM MHOTO-
KpPaTHOTO PAacCesHUs SBISCTCS TMaaroliasi TUIOCKas BOJIHA C HEM3MEHHOUN aMILIH-
Tynou, popmyna (2.10). B pamkax npuOanKeHHOW TEOPUHU MEepeHOCca POJb UCTOY-
HUKa MHOTOKPAaTHOTO PACCESHHs IMEPEXOAUT K DKCIOHEHIIMAIBHO 3aTyXaromien
KOTEPEHTHOH (MJIM «HEpPACCESTHHOW») YacTH YAeNbHOTO BekTopa CTOoKca, OMUCHIBA-

eMoit ypaBHeHueM (6.7).

Ycepennenue mo BceM MmojokeHMsM uactun genaer |, m |, HenmpepsiBHBIME

(GYHKIUSIMU paauyc-BeKTOpa TOUYKH HAONIOACHUS I, a Takxke aenaer |, Hempepsis-

HOU ()yHKIIMEH HalpaBJICHUS paCIIPOCTPAHEHUS (.

~

I[To Toit ke mpuuune | ornmdgaercs ot Bektopa CTOKCa MOMEPEYHON IEKTpOMar-
HUTHOW BOJHBI | TeM, 4TO WMeeT pa3MEepHOCTh MOHOXPOMATHYECKOH yAeTbHOU
MHTEHCUBHOCTH, T. €. BT M cp ', a HE pasMEepHOCTh MOHOXPOMATHYECKOTrO TTOTOKA
SHepru, T. ¢. BT M . JIerko BUJETh, 4TO TaKask pa3MEPHOCTb 1 sBnseres MPSIMBIM
ciencrteueM orpezaenenus (6.1), yrioBoro pasiioKeHHUs CL(r) B COOTBETCTBUH C

dbopmyoii (6.3) u onpeaenenus (6.4).
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e [lo camoli cBOEM MPUPOJIE YPABHEHUE MEPEHOCA U3IYUYCHUS SIBISCTCS MATPUUHBIM
(BekTOopHBIM) ypaBHeHHEM. llIupoko ucnonblyemoe CKalsipHOE ypaBHEHHUE Mepe-
HOCa IMOJIy4aeTcsl MyTEM HMCKYCCTBEHHOW 3aMEHbI yAEJIbHOro Bekropa CTOKca ero
MIEPBBIM AJIEMEHTOM (T. €. y/IeJIbHOW MHTEHCUBHOCTBIO), 2 MATPUIIbl SKCTUHKIIUK U
($a30BOM MaTPUIIBI — UX COOTBETCTBYIOIIUMH JIEBHIMH BEPXHUMHU DJIEMEHTAMHU.
Taxum o6pazom, ckaitsipHOe TPUOIIKEHUE HE UMEET CTPOroro PuU3n4eckoro o0oc-

HOBaHHMHAI.

® YPaBHCHI/IG MEPCHOCA H3JIIYYCHUA OCTACTCA CIPABCAIMBBIM B CIIydacC OCBCHICHUMA
oObeMa cnyqaﬁﬂoﬁ ,IIHCHGpCHOﬁ CpCabl KBA3UMOHOXPOMATUYCCKUM IIapaJlICiib-

HBIM ITYYKOM CBCTaA.

WNurerpanvhHas ¢opma ypaBHEHHs MepeHOCa MOXET ObITh HCIOJb30BaHa IS
BBIICHEHHS (PM3UYECKOr0 CMbIcia KorepeHtHoro Bekropa Crokca |, n auddysnoro
ynenbHoro Bektopa CTokca Td. dyHIaMeHTaIbHasl pa3HUIA MEXy dTUMHU BEITUYH-
HaMU 3aKJIFOYAETCSl B TOM, UTO MEPBbII OMUCHIBAET OJHOHANPABIECHHBIN MMOTOK dHEP-
MM, TOrJa KaKk BTOPOM OMUCHIBAET HEKOJIMMHUPOBAHHBIN MOTOK 3HEPruu, hopmyia
(6.6). B yactHOCTH, TIEpBBII 3IEMEHT KOrepeHTHOro BekTtopa CTokca, T. €. Kore-
peHTHas (HepaccesiHHas) MHTEHCUBHOCTh [ (T), SBJIIETCS MOIIHOCTBIO 3JIEKTpoMar-
HUTHOTO M3JTy4YEeHHsI B pacueTe Ha €AUHUILY IUIOIIAId MaJjoro 3JIEMEHTa MOBEPXHOCTH
AS, nepneHANKYJISPHOTO HampaBieHHio naaeHus (puc. 6.5a). B To xe Bpems,
nepBbIi 1eMeHT Auddy3Horo yaenbHoro Bekrtopa Crokca, T. €. nuddy3Has ynemnb-

Hasi UHTEHCUBHOCTh [ d(l', (A]), ABJCTCA MOITHOCTBIO 3JICKTPOMATHUTHOT'O HU3JIYUCHUA

(a)

Puc. 6.5. ®duznueckuii CMbICII KOTEPEHTHOMN (HEpaCCEsTHHON) MHTEHCUBHOC-
T (a) u qudy3HOIt yaenbHoN nHTEeHCUBHOCTH (b).
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B pacyeTe Ha €AMHMILY IUIOIIAJM MAaJIOr0 AJIEMEHTAa MoBepxHocTH AS, meprneHau-
KYJIIPHOTO €IMHUYHOMY BEKTOPY (, M HA €IUHHIYy MAaJoOro TeJeCHOro yria AQ,
LEHTPUPOBAHHOTO BOKPYT q (pHcC. 6.5b).

Ota wmaTepnperanus | (r) u Td(r, (q) O3HayaeT, 4yTo 00¢ BEIMYUHBI MOKHO
W3MEPUTH MPU MOMOIIM COOTBETCTBYIOIIMM OOpa3oM PacloIOKEHHBIX U OPHUEHTHPO-
BAaHHBIX JIETEKTOPOB IOTOKA AJIEKTPOMAarHUTHON 3HEepruu. JleicTBUTENbHO, MTHOBEH-
HOE€ HAINPABJICHUE II0TOKA JJIEKTPOMArHUTHOM DHEPIUU OIPENENSETCS BEKTOPOM
[loitHTMHTa W OBICTPO MEHSETCS BHYTPH CIy4YallHOM IHMCKPETHOM Cpelbl 3a CYET
nBrkeHust yacTuil. [ToaTomy B 000#1 MOMEHT BpeMEHHU KOJUTUMUPOBAHHBIN IETEKTOP,
NOMEIECHHBIA BHYTPU CpEAbl, PETUCTPUPYET WIM HE PETUCTPUPYET CUTHAN B 3aBH-
CUMOCTH OT MTHOBEHHOI'O HANpaBJICHUs MOTOKA HHEPTrUU. YCPEIHEHUE MO BPEMEHH
(WM 1O MOJIOKEHUSM YacTUL) IPUBOJIUT K TOMY, YTO CYMMapHbId OTCUET JETEKTOpPA
BCErJia OTJIMYEH OT HYJIA U SIBJISETCS HENpPEephIBHOM (PyHKIMEH ero opueHTauuu. To
00cTosATENBCTBO, UTO AUG(Y3HBIA yaenbHbId BeKTOp CTOKCa MOXKET OBbITh Kak Mpe.-
CKa3aH TEOPETUYECKU IyTEM PEIICHHs YpPaBHEHHsI NEPEHOCa, TaK U HM3MEpPEH NpH
MTOMOILY MOJIXOIAIIEr0 ONTHYECKOI0 HHCTPYMEHTA, OOBSCHSAET MPAKTHYECKYIO MOJIE3-
HOCTb TEOPUH MEPEHOCA B OECUMCIICHHBIX MPUIOKEHUAX BO MHOTHX 00JacTAX HAYKH U
TEXHUKHU.

[Tockonpky MHKpO(DU3MUECKUN BBIBOJ YpaBHEHHS MEpPEHOCA M3IYUYEHHs] OCHO-
BaH HAa CTATHUCTUYECKOM YCPEIHEHHH IO IOJOXKEHUSM M COCTOSHUSAM YacTUL, HHU
KorepeHTHbIE BekTop Ctokca, HM Auddy3HbINH yaenbHbE BekTop CTOKCa HE
ONKCHIBAIOT MTHOBEHHOE pAaCHpelel€HUE 3JEKTPOMArHUTHOIO M3JyYEHHsS BHYTPH
CIIy4YallHOM JHUCHEPCHOM cpenbl. BMecTo 3TOro OHM XapakTepus3ylT YIJIOBOE H
IIPOCTPAHCTBEHHOE PAaCIpEEICHUE MOTOKA 3JEKTPOMAarHUTHOM 3HEPIUH, yCPEIHEH-
HO€ I10 JTOCTaTOYHO JUIMTEIBHOMY IPOMEXKYTKY BPEMEHH. DTOT BBIBOJ HAXOIUTCS B
IIOJIHOM COIVIACHH C pe3yibTaTaMH MpeAbIyIIeH Ii1aBbl. MUHUMAIIBHOE BpEMsI yCpE-
HEHUs, HEOOXOJUMOE ISl YCTAHOBJIEHHSI APTOJUYHOCTH, MOKET OBITh Pa3HBIM IS
Pa3HBIX PACCEUBAIOIINX CPEll, HO CIEAYIOLIEe YTBEPXKIACHUE BCEra OCTACTCS CIIPABE/-

JUBBIM: Y€M JOJIbIIIE BPEMSI yCpETHEHUs, TeM Oosiee TOYHBIM OYyJIeT TEOPETUUYECKOE
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IIPEACKA3aHNEe, OCHOBAHHOE HA TEOPHUHM IIEpeHOCa N3nydeHus. Hakomienue curnana Ha
MPOTSKEHUH JJIUTEIBHOTO MPOMEXYTKAa BPEMEHH YacTO MCHOJB3YETCs I yJydlie-
HUSl TOYHOCTH M3MEPEHHUA 3a cueT yMeHblIleHus 3¢ dexra ciaydaitHoro myma. OgHako
CUTYyallHsl C TEOPUEH MEpPeHOCa HM3IYUYEHUS OKa3bIBAETCS KAYECTBEHHO JAPYIOM, IMOC-
KOJIBKY B 3TOM CJIy4ae YCPEAHEHUE CUTHAJIA 33 JOCTATOYHO JJIUTEIbHBIN IPOMEKYTOK
BPEMEHH HEOOXOIUMO ISl 0OecTeyeHHs] TeOPETUIECKOW MPUMEHUMOCTH YPaBHEHUS
IepeHoca.

XoTst MEUKpO(GU3NUECKUN BBIBOJI yPAaBHEHHUS NIEPEHOCA OCHOBAH Ha HECKOJIBKHUX
(dyHIaMEHTAIBHBIX MPEANOI0KEHUAX, IEPEUUCICHHBIX BbIIIE, OOJBIIMHCTBO U3 HUX
BBITISIASIT IOCTAaTOYHO PEAIMCTUYHBIMU B IIUPOKOM JUAIa30HE MPAKTUYECKUX CUTYya-
nuid. OgHako TpeOOBaHUS SPTOJIUYHOCTUA U CTATUCTUUECKON OJTHOPOJIHOCTU 3aCiTyKH-
BAIOT JIOTIOJHUTEIBHOIO aHAIN3a, IIOCKOJIBKY MOJKET IOKA3aThCsl, YTO OHHU YPE3MEPHO
OrpaHUYMBAIOT 00JIACTH MPUMEHUMOCTH YPaBHEHHUS IIEPEHOCA.

CMbICTT TIPEANOJIOAKEHUS SPTrOAUYHOCTH NPOUJUTIOCTPUPOBAaH Ha puc. 6.6. Kak
00bIYHO, 00BEM V' cilyyallHOM TUCIEPCHOW CpeJlbl OCBEUIAETCS MIIOCKOM 3JIEKTpOMar-
HUTHOW BOJIHOHM. YTJIOBAas anepTypa AETEKTOpa AIEKTPOMAarHUTHOM YHEPIUM, HAXOs-
HIerocss BHYTpPH 00beMa, Mpeanojaraercs AOCTaTOYHO MajoW, YTOOBI pPa3pelInTh
VTJIOBYIO 3aBUCUMOCTh Ju(dy3Horo mons wuzinydeHus (Hampumep, ~1°). Yriosas
anepTypa ¥ miomnaab auadparmel getekropa AS B COBOKYITHOCTH OMPEICIISIIOT 4acTh
o0beMa paccemBaromiel Cpefibl, CXeMaTHYECKH OTPAHUYCHHOW TOYEHYHBIMU MPSMBIMHU.
Ota 4YacTh OyJeT Ha3bIBaThCA «IPHUEMHBIM OOBEMOM», TIOCKOJIBKY, COTJIACHO
WHTETpaJbHON (hOopMe ypaBHEHHS MEPEHOCa, BCS DHEPTHUS, pErUCTpUpyemasi JeTEKTO-
POM, IPUXOJIUT HEMOCPEACTBEHHO OT YaCTHUL, HAXOIAUIMXCS B 3ToM oObeme. [Ipu aTom
ANIEKTPOMArHUTHAsI DHEPTus, BO30OYX AAroas KaXaylo U3 I3THX YaCTUIl, MOKET ObITh
100 (PKCIIOHEHIIMATBHO OCIA0JICHHBIM) TAJaroNIuM U3NydeHueM, Jnubo (ociabieH-
HBIM) CBETOM, PAaCCESTHHBIM JPYTrUMHU yacTuiiamMu u3 odwbema V. CBeT, paccesHHBIM
YacTHUIIE W3 NMPUEMHOTro OO0beMa B HAIPaBICHUU JETEKTOPA, MOXKET OCIa0NIATHCS
JIPYTUMU YaCTULIAMH U3 IPUEMHOT0 00beMa, HaXOAAIIUMHUCS OJIMKE K IETEKTOPY.

HPGIIHOJ'IO}KI/IM, 4TO ACTCKTOP HAKAINIMBACT CHIHAJ Ha IPOTAKCHHUH ITPOMC-
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Puc. 6.6. IlpakTudeckuii CMbIC] TPeOOBaHHM APTOJUIHOCTH U CTATUCTHYEC-
KOW OJTHOPOJHOCTH.

KyTKa BpemeHu Af. PazoObem npueMHblii 00beM Ha «IIPOOHBIE» 00BEMBI TaK, YTOObI
ONTHYECKas TOJNIIHUHA AT KaXXJI0TO U3 HUX BJOJIb JIMHUU HAOMIOICHUS JIETeKTOpa Oblia
oueHb Mana (~0.01). OguH U3 Takux NPoOHBIX 0OHEMOB MOKa3aH Ha puc. 6.6. [1oHsT-
HO, YTO BKJIaJ JIIOOOM YaCTHUIIbI B CUTHAJ, PETUCTPUPYEMBIN JETEKTOPOM, TPAKTUUECKU
HE 3aBUCUT OT KOHKPETHOTO TMOJIOKEHUsSI YaCTHIIbl B Mpejiesiax MpoOHOro oObema.
[ToaTOMy cmpozuii CMBICT 3PTOJUYHOCTA U CTATUCTUYECKON OJHOPOIHOCTH 00bema V'
CIly4ailHOM JUCHEPCHOW Cpe/bl 3aKIII0YaeTcs B TPEOOBAHHMM, YTOOBI 32 MPOMEKYTOK
BpeMEHM Af Kak/1asi yacTuIla u3 V rnocerusia Kaxaplid MpoOHBIN 00BheM.

Ha mnpaktuke pacceuBarommii 00beM V' OOBIYHO BKJIHOYAET MHOTO YaCTHII
Kaxjaoro tumna. [loatoMy npaxmuueckuii CMBICT SPTrOAUYHOCTH W CTATUCTUYECKOU
OJTHOPOJTHOCTH COCTOMT B TpeOOBaHUM, YTOOBI 3a MPOMEXKYTOK BpeMeHH Af KOJu-
YECTBO TMOCECIICHUI JI000ro mpoOHOro o0beMa dYacTHUIaMHM KaXKJIO0ro THUMa ObLIOo

CTAaTUCTUYCCKH IMPOIIOPLHUOHAIBHBIM IIOJITHOMY KOJMYCCTBY YacCTHUI[ TAKOro THUIIA BO
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BceM pacceuBaronieMm oowbeme [159]. [lonsTHO, 9TO Takoe TpeOOBaHWE OKa3bBIBACTCS

HAMHOI'0O MEHEE KECTKUM B OOJBIITNHCTBE pCalIbHbIX CHTyaHHﬁ.

6.2. Mukpodusnyeckasi TeOpus 1200 JIOKAJTU3ALMNU

PaccmoTpum paccenBaromuii 0ObEKT B BUIE OOJBIION TPYNIBl JUCKPETHBIX,

CIy4ailHO W PEIKO pacCloJO0XKEHHBIX dYacTull (cM. puc. 6.7). OObEKT ocBeniaeTcs

.................

Puc. 6.7. PaccesHue miI0CKON 3JE€KTPOMAarHUTHOW BOJIHBI O0BEMOM paspe-
YKEHHOU CIIy4allHOM JUCIIEPCHOM CpEbI.

TIOCKOH »J1E€KTPOMATHUTHOH BOJHOM, paclpOCTpaHAIONIEiics B HampaBieHHH h'™.
BcnoMHanM, 4TO ypaBHEHHE TMepeHOoca M3TyudeHHs ObUIO BBIBEJIEHO MYTEM OTOpAaCHI-
BaHMS BCEX JMArpamMM C MEPECEKAIONMMMUCS COCAMHHUTEIIMHA B JUArpPaMMHOM TIpE/I-
CTaBJICHUM TEH30pa KOTEPEHTHOCTU. MCmonb3yst Te e pacCykACHHs, 4TO U B
MPEAbIAYIEM pa3ziesie, MOKHO JEUCTBUTENIBHO 3aKIIOUYUTh, YTO TIOCIIE YCPEIHEHHUS IO
MOJIOKEHUSIM YacCTHUIl BKJIaJ BCEX JuarpaMM, IMOKa3aHHBIX Ha puc. 6.8, oKaxercs
HYJICBBIM B «OJIM3KHX» TOUKaX HAOIIOJCHUS, PACIIOJIOKEHHBIX JTUOO0 BHYTPH PaCCCH-
BaroIIel cpenbl (Touka HaOmoaeHus 1 Ha puc 6.7), TnOO HA CPaBHUTEIHLHO HEOOIb-
IIIOM PACCTOSIHUH OT CPEeJIbl (TOYKa HAOMIOACHHUS 2).

OpnHako, KaKk MBI YK€ 0OCYXIaJld B TIPEABIAYIIEH TiaBe, CYIIECTBYET HCKIIO-
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Puc. 6.8. /InarpamMMsbl ¢ IepeceKarOMMHUCS COCTUHUTEISIMU.

YeHHE, COOTBETCTBYIOLIEE CUTYyallMM, B KOTOPOH TOYKAa HAOIIOJEHUS HAXOIUTCA B
JanbHEW 30HE pacCeuBaIOIIEro o0beMa B MpejeiiaXx ero «oOpaTHOM TeHW» (TOYKa
HaOmoneHust 3 Ha puc. 6.7). Torma kjacc auarpaMm, IpeacTaBiIEHHBIM puc. 5.9 u
6.8c—6.8¢, maeT HEHyJEBOW BKJIAJ, MPUBOASAIIUMN K SIBICHUIO CIAa0Oi JIOKaTW3aIuu.
Takue auarpaMMbl Ha3bIBalOTCA UMKIMYECKMMHM WM HaumOoJee MepeceyeHHbIMH,
MOCKOJIBKY HMX MOXHO HM300pa3uTh TakK, YTO BCE COEAMHMUTENN MEPECEKYTCS B OJHOMN
TOUKE.

BolpakeHue ajis CyMMapHOTO BKJIaJa IUKIMYECKUX JUarpaMM B TE€H30p Kore-
PEHTHOCTH MOXKHO BBIBECTH MPHU TMOMOIIM JUarpaMMHOM TEXHUKH, OMHCAaHHOW B
npeabiayeM paszaene. KoneuHbslil pe3yiabTaT MOXHO MPEACTaBUTh B BHUJIE JAHArpam-
MHOU popmyibl Ha puc. 6.9 [202]. Kak u panblie, CMMBOJ < 0003Ha4aeT najaroniee
1oJie, 0cla0JIEeHHOE HECOEIMHEHHBIMU YaCTUILIAMHU T10 MYTHU K TOYKE HAOIIOJIEHUS WU

K caMOW MpaBOW COEJAMHEHHON 4YacTHIlE, IBOMHBIC JTUHUU 0003HAYAIOT aHAJOTHYHOE

Puc. 6.9. lluknuueckast 4acTb TEH30pa KOT€PEHTHOCTH.
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OCJIa0JICHHE HECOEIMHEHHBIMU YacCTHL[AMHU BOJHBI, PACIPOCTPAHSIOLIEHCS OT OIHOU
COEIMHEHHOM 4YacTULbl K JAPYTrOd, a CUMBOJIBI X 0003HAYalOT KaK CyMMHUPOBAHHE IO
BCEM NOAXOIALIMM YaCTHLIAM, TaK U YCPEAHEHHUE 110 KOOPANHATAM U COCTOSIHUAM THX
yactull. O4eHb MOYYUTEIHHO CPaBHUTH pUC. 6.9 ¢ puc. 6.4, MOCKOJIBbKY TOrAa cpasy
CTAaHOBUTCSl BUJHA KAayeCTBEHHAsl pa3HUIlAa B MOPQOJIOTUU COOTBETCTBYIOIIUX -

rpamMMm. YiaydiieHHOe NpUOJIMKEHNE Ul TOJIHOTO TEH30pa KOTepEeHTHOCTH UMEET Clie-

TYIOIINN BU:

C~C +C. (6.9)

BriroyeHne 1MUKIMYECKUX TUarpaMM HEU3MEPUMO YCIIOXKHSET pacdyeT TEeH30pa
KOTE€PEHTHOCTH M CHJIbHO CYXXKMBaeT AWamna3oH MpoOiieM, KOTOPHIE MOYHO PEIIUTh
cTporo. B yacTHOCTH, HE CYyIIeCTBYET 3aMKHYTOTO YPaBHEHHs, TTOJIOOHOTO YPaBHEHUIO
nepeHoca, Uil HaXOXKJEHUs BKJIaJa IUKIUYECKUX JUarpaMM B YyAEIbHBIN TEH30D
KOT€PEHTHOCTHU fc(r, q). Tem He MeHee, cooTHomieHus B3auMHoctd (1.15) u (1.16)
JUISE TEH30pa PACCESIHUS W aMIUIUTYHOW MATPHUIIBI PacCesiHUsl MPUBOJIAT K OJHOMY
OYeHb BAKHOMY CTPOTOMY PE3YJbTAaTy: BCE XapaKTEPUCTHKU CJIa0O0¥ JOKaIM3aIuu B
HaIPaBJICHUN PACCESIHUS TOYHO HA3aJ MOXHO CTPOTO BBIPA3UTh 4Yepe3 COOTBET-
CTBYIOIIIEE pEIICHUE ypaBHEHUs TIepeHoca uanyudenus [135, 141]. Dtor pesynbrar
OyzeT moApoOHO paccMOTpeH B riase 9. Jlpyrue TeopeTHdecKkrue U YUCIeHHbIE TTOIX0-
Ibl K TIpoOjieMe ciaaboi JoKanmu3anuu paccmarpuBarotes B [32, 112, 114, 202, 215,
275].

Cornacuo ¢opmyne (5.1), yrmoas mmpuHa 3¢dekra craboi JIOKaTu3auu
JOJbKHA OBITH 00paTHO mponopuuoHanbHa k(/), rne (/) — cpenHee pacCTOSHUE MEX-
Iy KOHEYHBIMH YaCTUIAMU PA3JIMYHBIX T[IOCJIEI0BATEILHOCTEH YAaCTHUIl, JAOIIUX
CYIIIECTBEHHBIN BKJIaJ] B KOT€PEHTHbIE MUKW OOpaTHOTO paccesHust (cM. puc. 5.9).
O4eBuAHO, UYTO CyIIECTBEHHBIMU (haKTOpamu, orpannyuBaromumu (/) u, Takum obOpa-
30M, YBEJIIMYMBAIOIIUMH IUPUHY MMHUKOB, SBIJISIFOTCS TIOTJIONIEHNE U KOHEYHBIA pa3Mep

pacceuBatomie cpenpl. Biusiaue atux dakTopoB xoporio BUaHO Ha puc. 5.7d u 5.13.
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JIJIsT ONTHYECKH TOJICTBIX HEMOTIIONMIAOIINX WIIA CJIa00 MOTJIONIAOIINX CPEJl XOPOIIei
OmEeHKOW myst (/) sBisieTCsl Tak Ha3bIBaeMas TPAHCIOpPTHAs JIMHA CBOOOIHOTO
npobera /. [91].

Teopetndeckoe oobsacHenne dhdexTa cnaboi ToKaTu3alud B TEPMUHAX UHTEP-
depeHnnn noxpa3zymMmeBaeT, YTo HabI0JaTeNlb HAXOJUTCS B 1ajibHEH 30HE BCETO pacce-
uBaroniero oorema. OJHAKO HAa MPAKTHKE MHOTHE MposBicHUs 3ddexTa ciadoit
JIOKAIHM3AIM MOKHO HAOJI0IaTh C CYIIECTBEHHO MEHBIITNX PACCTOSHUH, AJIT KOTOPBIX
ycioBue (1.20) 3aBenomo Hapymiaercs. MeHee KECTKOe MPaKTUYEeCKOE YCJIOBUE Ha
MUHHMAaJIbHOE PACCTOSIHUE d OT TOUKHU HAOIIOJICHUS 10 PACCEUBAIOIIEH Cpellbl UMEET

cnenyromuii Buna [202]:
d > %kl(l)z. (6.10)

OpHako Jaxe 3TO yCJIOBHE MOXKET OKa3aThCsl BECbMa OOpEMEHUTENIbHBIM, €CJIM MUHU-
MaJIbHBIN pa3Mep pacceuBaroOIIel cpebl MPEBBIIAET /,, a COCTABIIAIOIINE €€ YACTULIBI
MMEIOT pa3Mepbl, CPABHUMBIE C JUTMHOM BOJIHBI CBETA WJIM MPEBOCXOIAIINE €€.

VYriioBas mMprHa pa3IiMYHbIX NpPOsBIEHUN 3PdekTa ciadoil JoKanu3auuu s
TAKMX MAaKPOCKOIUYECKHUX Pa3pekKEHHBIX OOBEKTOB KaK 00JlaKa OKa3bIBAETCS HMCKIIIO-
YUTEIBbHO MaJIOM, MTOCKOJBKY B 3TOM Cily4ae [/, TpEBBIIACT UIMHY BOJHBI CBETA Ha
MHOTO MOPSAKOB BEJIMYMHBI. JTO J€JIAaeT MPAKTUUYECKH HEBO3MOXKHBIM OOHApYy KEHHE
cina0oil JoKaIu3aluyd MpH MOMOIIM MAaCCUBHBIX METOJIOB JMCTAHLIMOHHOIO 30HAMPO-
BaHUs, OCHOBAHHBIX HA HAOIIOACHUSIX OTPAKEHHOI'O COJIHEYHOTO u3iaydyeHus. OaHako
cnabas JIOKaJu3alus MOXKET CYIIECTBEHHO BJIMATh HA PE3YJbTaThl aKTHUBHBIX H3Me-
PEHUI C UCTIOIB30BaHUEM PAIAPOB U JUAApOB (cM., Hanpumep, [105]), Tak kak B 3TOM
cilydae HaOJI01aeTCsl 3JIEKTPOMArHUTHOE U3TyUYEHUE, PACCesTHHOE B HAIIPABJICHUH TOY-
HO Hazas.

Curyanus 0Ka3bpIBae€TCs COBEPIIEHHO OTIMYHOW MPH PACCESHUU CBETA ILUIOTHOY-
[aKOBAaHHBIMU JMCIIEPCHBIMU CPEJaMH, MOCKOJIBKY TENeph [ MOXKET OBITh TOTO XK€
MopsiJiIKa BEJIMYMHBI, YTO U JUIMHA BOJHBI cBeTa. BceiiencTBue »Toro ciadas JIOKalu-

3aiusa MOXCT Ha6J'IIOI[aTBC$I HC TOJIBKO IIPH IMOMOIIKW AaKTHBHBIX MCTOAWK AWCTAHIH-
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OHHOTO 30HJMPOBAHUS WIN CICIHAIBLHO CIPOCKTHPOBAHHOTO JTA0OPATOPHOTO 000pYy-
noBaHus (cM., Hanpumep, [75, 113, 231]), HO U IpPU aCTPOHOMUYECKUX HU3MEPEHUAX
XapaKTEPUCTUK COJTHEYHOTO W3IyYCHHS, OTPAKEHHOTO BBICOKOATHLOCTHBIMU TEIAMHU
Conneunoit cuctemsl (cM., Hanpumep, [68, 201, 234]). B 3To0i1 cBsi3M BaXKHO OMHUTb,
YTO caMa KOHIIeNus (pa3bl BOJHBI MPUMEHHUMA TOJHKO K IMOMEPEYHBIM 3JIEKTpOMAr-
HUTHBIM BOJIHAM, TakKUM Kak IJIOCKUE€ M cdepuueckue BOIHBI. [loaTomMy uHTEp-
(dbepeHIIMOHHOE O0BsCHEHHUE CIa00i JIoKaNu3aluy HESIBHO OCHOBBIBAETCS HA MPEAIO-
JIO)KEHUH, 4TO KaXKJas yacTuila B JIF0OOM mocnenoBaTenbHOCTH vacTull (puc. 5.9),
HaxXOJUTCS B JajbHEN 30HE Kak Mpeaplayled, Tak U nocieAyromniei yactuipl. Oue-
BUJIHO, YTO 3TO NPEANOJIOKEHUE YacTO HapyIIaeTcsl MPU PACCESTHUU CBETa IUIOTHO
YIAKOBaHHBIMU JUCHEPCHBIMU CpPElIaMH, YTO MOTEHIMAJIbHO CTABUT IMOJI COMHEHUE
MPUMEHUMOCTb UHTEPPEPEHIIMOHHOTO MEXaHU3Ma ci1adoil Jokanu3auuu. Mbl BUIENH,
OJIHAKO, YTO CHUJIbHBIE KOTE€PEHTHBIE MUKW B OOpPATHOM paCCESHUM MOSBISIOTCA B
CTpOTMX 7-MAaTPUYHBIX pacyeTax Jake MPU TAKOW BBICOKOW IIJIOTHOCTH YHaKOBKH
yactull kak 24% (puc. 5.7b u 5.11). D10, NO-BUAUMOMY, O3HAYAET, YTO YACTHUYHbBIC
BOJIHBI, PACIIPOCTPAHSIIONINECS BJIOIb MOCIEA0BATEILHOCTEN U3 IHUPOKO PA3HECEHHBIX
YacTHll, MPOJOJKAIOT BHOCUTH CYIIECTBEHHBIM BKJIaJ B CYMMapHOE pPacCeSHHOE

U3JIyYEHHE.

6.3. UnTepepeHuusi B HANPABJIEHUH MPAMO BIIepes

[Tono6no s¢dexry cnaboit Jokamu3annu, UHTEPYEPEHINST FNEKTPOMATHUTHBIX
BOJIH B HAIIPaBJIEHUU MPSMO BIEPE], PACCMOTPEHHAs B pa3zene 5.3 u 00bsICHEHHAs Ha
puc. 5.8, UMEET MECTO B JAJbHEW 30HE PACCEUBAIOLIEH CPEABI U HE ONKCHIBAECTCS SIBHO
YpaBHEHUEM TNIEpPEHOCa HU3JydyeHHs. J[eHCTBUTENBbHO, MOXHO JIEFKO MOKa3aTh, 4YTO
BKJIaa auarpaMmbl 6.3b, BBIUMCICHHBIM IJi1 TOYKH HAONIOJEHUS B OJIMIKHEH 30HE
pacceuBarolero o0bemMa, He CBOJUTCA K HYJIO TOJBKO B TOM cllydae, Korga o0e
YacTHIGl HAXOMATCA Ha IPSAMON, HapaiieibHOM HANpaBleHUIO TageHdus A™ u

MPOXOMSIICH 4Yepe3 TOUYKY HaOMIOJeHUS. DTOT HEMCUe3aloluii BKJIAJ] B KOHCYHOM
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UTOTE BKJIIOYAETCS B KOrepeHTHbIH BekTop CTokca |, mpsMo mpomenniero u3mydeHusl.

s Toro, 4ToObl HEMOCPEACTBEHHO OOHApYXHUTh 3PdeKkT MHTephepeHInn B
HaIpaBJICHUH TPSIMO BHepes, HabIto1aTeh JOHKEH HAXOAUTHCS HA PACCTOSHUU 7 OT
pacceuBaromero oobema, yaoBieTBopsitonieM HepaBeHcTBaM (1.18)—(1.20). DTo 06cTO-
ATEJIbCTBO JICJIACT YpaBHEHUE MEPEHOCa BEChbMa XOPOIIUM HpubImkenuem. JleiicTBu-
TEJIbHO, €CJIM NMPUMEHUTHh HepaBeHCTBO (1.20) k HeOodbIIOMY 00JIaKy C pa3MepoM B
100 M ¥ mpenmnosioKuTh, UYTO JIMHA BOJIHBI Majaroiiero cBera paBHa 500 nm, To
npocrtas apudMeTHKa OKa3bIBaeT, YTO HAOIIOAATENb JOJDKEH yIaTUuThCSA OT 00TaKa Ha

10
paccTosiHie, HaMHOro npeBblatomiee 10 M.

6.4. Uro Takoe He3aBUCHMMOE paccesiHue?

Kak Mbl mOMHHMM, B JIF0OOOH MOMEHT BPEMEHM MAJAr0MIasl 3JIEKTPOMAarHUTHAas
BOJIHA BOCIPMHUMAET BCIO MHOTOYACTHYHYIO KOH(HUIypalMIO KaK €JUHBIM, XOTA U
MOP(OJOTUYECKH CIIOXKHBIM paccerBaTelnb. Mpl Takke MNPOCIEINUIN, KaK TEOpHs
NepeHoca U3JIyYeHUsl BBIBOJUTCS U3 ypaBHEHU MakcBeiia BCaeACTBUE psiaa Ipearo-
JIOKEHUI U mpUOIIKEeHUH (TaKuX, HapuMep, Kak TpeOoBaHUE OYEHb C1aboil 0ObeM-
HOI YyIAaKOBKHM) U B KOHEYHOM HMTOI€ COACPKUT OJHOYACTUYHBIE (HO YCPEIHEHHBIE 1O
aHCaMOJIII0) MaTPUITy SKCTUHKIMA U (a3oByro maTpuiry. OQHAKO «KIIacCUYECKHin» (H,
KaK BBISICHHJIOCH, HEBEPHBII) CIOCOO OMHUCaHUsI MHOTOKPATHOTO PACCESHUs U MEPEHO-
ca U3TY4YEHHS 3aKJII0UAETCsl B COBEPIIEHHO OOPAaTHOM MOCIE0BATEILHOCTH OCHOBHBIX

OTaIlOB:

1) ananu3 cBeTOpaccEeMBAIONIUX CBOMCTB Ka)JOW YacCTHUIbI B M3OJALMHU OT BCEX
OCTAJIbHBIX YacTUL IyTeM pelIeHus ypaBHEHMl MakcBemia (B mpocTeiiiem
clly4ae MCHOJb3ys Teopuro Mu);

2) 00bsABIECHUE MIMPOKO PA3HECEHHBIX, CIYYalHO PACIOIOKEHHBIX YaCTUI] HEKUMHU
«HE3aBUCHMBIMI» PACCEUBATEISIMU U MPUIIMCHIBAHUE KaXKI0M M3 HUX WHAUBU-
AyaJdbHBIX MATPHUIbl SKCTUHKUMU U (a30BOM MAaTpHIlbl, HAMIEHHBIX HA TIEPBOM

JTAaIlE;
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3) paccMOTpeHHE «HEKOT€PEHTHOTO» PACCESHUSI CBETA «HE3aBUCHUMO PaCCEUBAIO-
MMM YacCTULAMW», BXOIAIIMMH B HEKHW «3IJIEMEHTApHBIM PACCEUBAIOIINI
00BEMY;

4) «BBIBOIY (a HA caMOM JieJie IOCTYJIMPOBAHNE) YPABHEHMS IIEPEHOCA U3ITYyUYEHUs
JUTSL CpeJibl, TOCTPOCHHOM U3 «3JIEMEHTAPHBIX PACCEUBAIOIIUX 00HEMOBY;

5) cnekynsaTUBHOE OOCYKIECHUE TOTO, KAKUM 00pa30M WMHAMBUAYATbHBIC CBETOPAC-
CEMBAIOIINE CBOWCTBA YACTHUIl U «IJIEMEHTAPHBIX 00BEMOBY» MOTYT U3MEHSATHCS

3a CYET pa3IIHBIX «3((HEKTOB IIIOTHOW YIAKOBKN.

Takum 00pa3oM OYEBUIIHO, UTO MOHSTHUE «HE3ABUCHUMOTO pPaCCEsIHUS» ObLIO U
0CTaeTCS UCKIIOUYUTEIHHO BAXXHBIM aCMEKTOM (PEHOMEHOJOTUYECKONH TEOpPHH pacces-
HUS CBETA IPYIIAMU YacTUll. BbIJI0 TaHO HECKOIBKO PA3IUYHBIX ONPEICICHUN «HE3a-
BHCHMO PacCEeMBAIOIIUX YacTUI» (cM., Hampumep, [44, 93, 109, 120, 129, 194, 202,
259, 273] u cchuiku Tam). HekoTopble M3 3THUX OMNPEEICHUN OKa3aINCh BeEChMa
TYMaHHbIMM WJIM Ha CaMOM JieJie OTHOCATCS K NPUOJIMKEHHI0 OJHOKPATHOIO
paccesHUs JUIS Majoif TPYIIIBI YacTHI, PACCMOTPEHHOMy B paszene 2.5." O6rmeit
IIEIBI0 BCEX JTUX OMpEAeNIeHUH OBLJIO TMOMBITATHCS OMHCATh HAOIIOJAEMBbIC IMPOSIB-
JICHUS 3JICKTPOMArHUTHOTO PACCESHUS TPYIIOW YacTUl] B TEPMHUHAX MaTpPHI] IKCTHH-
KInH 1 (a30BBIX MATPUIl WHIANBUYATBHBIX YACTHII, T. €. B TEPMUHAX XapaKTEPUCTUK
OJIHOKPATHOT'O paccesiHus, OMUCHIBAIOIIKNX MTpeoOpa3oBanue napamerpoB CTokca, a HE
KOMIIOHEHTOB 3JIEKTPUYECKOTO MOJIS.

N31mokeHHBIN BBINIE MUKPOPUZNUECKUNA TOIXO0/I OJJHO3HAYHO MOKA3BIBAET, UTO
mr00asi 9acTuIla SBISIETCS HE3aBHCHMBIM PACCEMBATENIEM TOJIBKO B CIIy4ae, €Cld OHa
HaxXOJUTCS B MOJIHOM OJMHOYecTBE. YacTHUllbl, BXOJAIINE B TPYIILY, HE MOTYT OBITh
HE3aBUCHMBIMHM PACCEUBATENIMU HU TMPU KAKUX YCJIOBUSX, JAXKE €CIIM OHHU IIUPOKO
Pa3HECEHBI U pacmpeielieHbl CIIydaiiHbIM 00pa3oM, OCKOIBKY 3¢ deKThl nHTepDepeH-

I B HAIMpaBJICHUU TPSIMO BIEpEN W ciIabo JOKaIM3aIluu SBISIOTCS YHUBEpCAJb-

1

Crnengyer MOMHUTH, YTO KOHKPETHBIE YCJIOBHS MPUMEHHUMOCTU MPUOJIMKEHUS OIHO-
KpPaTHOT'O PAacCEsHUA M TEOPUH MEPEHOCA U3IYUYEHUSI B CMBICIIE MAaKCHUMAaJIbHO JOITyC-
TUMOW YIAKOBKH YaCTHI] MOTYT HECKOJIbKO pazinyarbes [202].
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HBIMHU ¥ HE MOTYT OBITh OMMCAHBI B TEPMUHAX MATPHUII SKCTHHKITUN U ()a30BBIX MATPHII
WHJMBUAYAJIbHBIX YacTull. B ciiydae OoJbIIMX pa3peKeHHBIX OOBEKTOB (TaKUX Kak
o0Jlaka) MUKH B MHTCHCHUBHOCTH, OOYCIIOBJICHHBIC WHTEPPEPECHINEH B HAIPABICHUH
npsiMO BHEped W clIaboi JoKalu3aluend, OKa3bIBAIOTCA HUCKIIOYUTENBHO Y3KUMHU,
COAEPKAT HUYTOKHYIO JIOJI0 PACCESIHHOW OJHEPTrUM W SBISIIOTCS MNPAKTUYECKHU
HEHAOJIIOTaeMBIMU, YTO JIEJIaeT YPAaBHEHHE TEPEHOCA H3IYUYCHHUS OYCHb XOPOIINM
CPEIICTBOM OMMCAHUs MHOTHX peajbHO HAOJI01aeMbIX BEIHMYUH. MBI, OJTHAKO, BUJICIIH,
YTO JaXX€ B OIPAaHUYCHHOM KOHTEKCTE TEOPHM IIEPEHOCA YaCTHUIIbl HE XapaKTepH-
3YIOTCSI CBOMMH HHAMBHUAYyaJIbHBIMH MaTPUIIAMHU SKCTHHKIMUA U (Ha30BBIMU MaTpH-
namMu. BMeCTo 3TOro kaxkaas 4acTvIa 3aMEHSIETCS HEKOTOPOM «CPEeOHEN» YacCTHUIIEH,
KOTOpasi XapakTEPHU3yeTCs] MAaTpUIled IKCTUHKIMHU U (Ha30BOM MaTpHIEH, MOTy4YeH-
HBIMH IIyTEM YCPEIHEHUS 110 BCEM COCTOSIHUSIM BCEX YACTHIL B CPELE.

[Tpuxoautcsi, TakuM 00pa3oM, 3aKJIIOYHTh, YTO TEPMHUH «HE3aBUCUMOE pacces-
HHE» UMEET BEChbMa OTPAHUYECHHOE 3BPUCTHYECKOE 3HAYEHUE W Ha JIEJIE MOYKET BBO-
IuTh B 3a0myknaeHue. [loxkanmyil, HaMMeHee IBYCMBICICHHBIM, XOTS HACTOJBKO e
HEKeJlaTeIbHBIM, SBIISIETCA UCIOJIb30BAHUE 3TOTO TEPMHUHA Isi 0003HAUCHUS CITy4ai-
HO PACHOJIOKEHHBIX YaCTHUI, KaXJ1asi U3 KOTOPBIX HAXOJIMUTCS B JAJIBHHUX 30HAX BCEX
OCTaJIbHBIX YaCTHI], ITOCKOJIbKY YCJIOBHS CIY4YalHOCTH M JAJIbHEU 30HBI SIBISIOTCS
HEOOXOAMMBIMA B MUKPODU3UYECKUX TEOPUAX MEepeHOca U3IydeHHs U ciIabo JoKa-

JIN3alnu.

6.5. IlepeHoc u3ry4yeHusi B ra3oBbIX cpenax

XOopoIIo0 U3BECTHO, YTO PACCESTHUE MOXKET OBITh BBI3BAHO HE TOJBKO JIUCKPET-
HBIMH YaCTHUIIAMH, HO ¥ (IYKTYalUsIMHU TJIOTHOCTH WJIM AHU30TPOIHUU B PA3pPEKEHHBIX
MOJIEKYJISIDHBIX Cpelax, TaKuxX Kak Tra3bl [251]. DToT BUI paccessHUS TPaJWLIMOHHO
HA3bIBAETCA PIJICEBCKUM U JCTAIILHO pacCMOTpeH B MoHorpadusx [65, 111]. Kaxmyro
GIyKTyaluio MmIOTHOCTA WM aHU30TPOIHHU MOXKHO CUMTATh YACTHUIIEH B TOM CMBICIIE,

YTO OHA MPUBOJUT K U3MEHEHUIO TUAJICKTPUUYECKOW MPOHUIIAEMOCTH (WM, B OOIIEM
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cilyyae, TeH30pa JIUAJIEKTPUUECKON MPOHUIIAEMOCTH) CPEbl B OUEHb MAJIOM DJIEMEHTE
oOnema. B Toil mMepe, B KOTOpOH BCe TakWe Majble dJIEMEHThI 00beMa HaxXONIATCS B
TATBHUX 30HAX APYT IPyra, MUKPODU3HIECKHUI TIOIX0T, U3JI0KEHHBIN BBIIIIE, OCTACTCS
CIIpaBelIMBbIM. MBI, TAKUM 00pa30M, OMATh MPUXOJIUM K KJIACCHUECKOMY YPaBHEHHIO
IIEPEHOCA, HA ATOT pa3 ONMMCHIBAIOIIEMY MHOTOKPATHOE P3JIEEBCKOE PACCESIHUE CBETA
[45]. KoHkpeTHBII BUJ MAaTPUIhI SKCTUHKIMKA ¥ (a30BOM MATPHUILI 3aBUCHUT OT THUIIA
ra3a (WM CMeCH Ta30B) M TakKuX (paKTOPOB KaK ra30BOE JIaBIICHUE U TEMIIEpaTypa.

Nuorpa yteepxkaaercs [36], yTo HacTOALIEH TPUUMHON PAIIEEBCKOTO PACCESIHUS
ABJISIFOTCS CIIyYailHO PACHOJIOAKEHHBIE U CIIYyYallHO MEepeMENIatouecs MOJIEKYIbl, a He
GayKTyanuu TUAIEKTPUUECKON MpoHHIaeMocTu. OJHAKO PaCcCTOSHUE MEXITY IBYMS
MOJIEKYJIaMU YacTO OKAa3bIBa€TCsI HAMHOTO MEHBIIHMM JUIMHBI BOJHBI CBETA, TAKUM
o0pa3oM, IPUBOJIA K CYIIIECTBEHHOMY HApYIICHUIO YCIOBUS JaTbHEH 30HBI, HEOOXOIH-
MOMY JJisl BbIBOAA ypaBHEHUs nepeHoca. Henb3si, KOHEUHO, MOJIHOCThIO HUCKIIOYUTH
MOTEHIIMAIIBHYI0O BO3MOXXHOCTh BBIBOJIa ypaBHEHHS TEpeHOoca 0e€3 HCIOIb30BaHUS
yCIIOBHUSl JadbHEW 30HBI. TeM HE MEHee, JI0 TeX IOp TOKa TaKOW BBIBOJ HE OBLI
MOJIyY€EH, MPEJCTABIIACTCS PA3yMHBIM IPUIIUCHIBATH MHOTOKPATHOE PAJIEEBCKOE pacce-
STHHE MOJICKYJISIPHBIM (DITYKTYyalusiM, a He OT/AEIbHBIM MOJIEKYJIaM.

Becbma yacTto razoBas cpea COAEPKUT CIyYalHO PaclOJIOKEHHBIE JUCKPETHBIE
YacTHUIIbl. TUIMUYHBIMU TIPUMEPAMH SIBIISIOTCS a3PO30JIM U 00JIaYyHBbIE YaCTHUIIbI, B3BE-
IICHHBIE B aTMocdepe. YpaBHEHUE MEPEeHOCa U3IYUYCHHs] OCTA€TCS BEPHBIM U B ATOM
cily4yae, TpH YCIOBHHU, YTO BCE YACTHUIBI M (IYKTyallMd TJIOTHOCTH/aHU30TPOIHH
HAXOJISATCA B JIAJbHUX 30HAX JpYr Apyra. Marpuna 3KCTUHKIMK U (pa3oBas MaTpuIa,
BXOJSIIME B YpPaBHEHHE IMEPEHOCA, MOJIYyYArOTCSd IMyTEM MPOCTOr0 YCPEIHEHUS I10

COOTBCTCTBYIOIIHUM XAPAKTCPUCTHUKAM CMCCHU I'a30B 1 YAaCTHII.

6.6. CoxpaHeHue YHEPIruu

HNuTepecHoe W BechbMa Ba)KHOE HA TMPAKTHUKE CBOWCTBO ypaBHEHHS IEpeHOCa

H3JIYYCHHA 3aKIII0OYACTCA B TOM, YTO OHO B TOUYHOCTH YIAOBJICTBOPACT 3dKOHY COXPAHC-
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HUs dHepruu. JIeHCTBUTENIbHO, UCIOJbB3Ysl BEKTOPHOE TOXJecTBO a-Vf =V -(af)
— f V-a, rne f— npousBoibHas CKaIApHas (PYHKIHS MPOCTPAHCTBEHHBIX KOOPAMHAT,
Y YYHUTHIBAs], YTO ( SIBIISICTCS MOCTOSHHBIM BEKTOPOM, MBI MOKEM IEPErucaTh ypaBHe-

HUeE nepeHoca (6.5) B cleayromeM BUE:

V- 1(r,q)] = —n, (K(r,q)). 1(r,q) + n, j dq'(Z@,q' ). 1(r,q').  (6.11)

4

BBeI[eM BeKTOp IIJIOTHOCTH II0OTOKA 3H€KTpOMarHI/ITHOI71 3HepFI/II/I KaK
F(r) = j 4§47 (r,q).
4

OueBuHo, uyTo mnpomsBeacHue P -F(r)dS onuceiBaer BeaWMYMHY M HANpaBICHHE
MOJTHOTO TPOTEKAHMSI MOIIHOCTH 4Yepe3 dJIEMEHTApHYI0 IIomanxky dS, mepmnenauky-
JTsIpHYIO K P (cMm. puc. 6.10). MaTerpupys o6e dactu (6.11) mo Bcem HanmpaBIeHUIM (,

noyyaeM [202]:

Puc. 6.10. MouHoOCTh 3IE€KTPOMArHUTHOTO MOTOKA,
MPOTEKAIOUIET0 Yepe3 JIEMEHTAPHYIO IIIOMIAJIKY.

~V-F®) =, | d(Co@). T o),

rae (C

al

bs (4)): — YCPEIHEHHOE MO aHCaMOJII0 CEYEHHE TIOTJIONIEHHS B PACUETE Ha OJIHY
YaCTHILY.

DU3NYECKUNA CMBICHT HOCJICI[HGﬁ (bOpMy.]IBI OKa3bIBACTCA BCCbMa IIPO3PAUYHBIM:
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IOJTHAs! MOIIHOCTh BTEKAIOLIEr0 IIOTOKA YHEPIUH B PACcUETe HA €IUHUIY 00bEMa PaBHA
IIOJTHOMY TIOTJIOIICHUIO MOIIHOCTH B eauMHuIe oObeMa. Ecim paccemBaromas cpena
ABgeTcs Hemornomaromei, Tak 9ro (C, (q)). =0, TO BEKTOp MIOTHOCTH MOTOKa

AIEKTPOMArHUTHOM YHEPTUHU UMEET HYJIEBYIO PACXOAUMOCTH:
V-F(r) = 0.

Orta 3aMevarenbHas (GOpMyJia BHIPAKAET COXPAaHEHHWE MOIIHOCTU MOTOKA M O3HAYaer,
YTO KOJIMYECTBO >JIEKTPOMArHUTHOW 3HEPruM, BXOJSAIIEH B 3JIEMEHT o0ObeMa 3a
€IUHUIY BPEMEHU, B TOYHOCTH PABHO KOJWYECTBY J3HEPIUH, BBIXOIAIIEH U3 ITOTO
37eMEeHTa 00beMa 3a €IMHUILY BPEMEHHU.

BcnomuuM emie pas, 4To ypaBHEHHUE IEPEHOCA U3IyYEHUS BBITEKAET U3 ypaBHE-
HUI MakcBeilia TOJIBKO MOCJEe LEJIoro psaa NpuOImKeHU 1 npeamnonoxenui. [loaro-
My TOT (paKT, 4YTO YpaBHEHHE MEPEHOCA MOJHOCTHIO COTJIACYETCsl C 3aKOHOM COXpaHe-
HUSL DHEPIUH, SBISAECTCA KaK IOJIOKUTEIbHBIM, TAK U BBI3BIBAIOIIUM OECIIOKOMCTBO.
[Tapagokc 3aKiIF09aeTCcss B TOM, YTO MOMBITKA YJIIYYIIUTh TOYHOCTh PACYETOB IO TEOPUHU
IIepeHoca IyTEM BKJIOYECHHMS MAaKCUMAJIbHO IIEPECEUYCHHBIX OUarpamMMm IPUBOJIUAT K
HapyIISHUIO OajaHca YHEPTUU 33 CUET JO0ABIEHUS «M30BITOYHON SHEPTUN», COACPIKA-
1Ieiicsl B KOTEPEHTHOM MHUKe oOpaTHOoro paccestHus. [loka ocraerca HesicHBIM, «OeperT-
Cs» JIM 3Ta U30BITOYHAS SHEPTUA U3 JAIEKUX KPbUIbEB 00PATHOrO KOIE€PEHTHOIO MHKA,
YTO O3Ha4yajo Obl, YTO BKJIAJ LHUKIMYECKHX TUArpaMM B YIEIbHYI0 MHTEHCUBHOCThb
OpU OMNpPEACNICHHBIX YIVIaX BBIXOJA MOXET OBITh OTpHULATENbHBIM [276]. Bromnne
BO3MO3KHO, YTO OTPULIATENIbHBIN BKJIa, HEOOXOANUMBIN JJI1 BOCCTAHOBJICHUS SHEPTeTH-
YecKoro OasiaHca, MOCTaBISETCS IPYTUMH TUIIAMHU JUarpaMM, HE BKJIIOYCHHBIMHU B

TEOPUH MEPEHOCA U3ITYUEHUS U CIa00H JIOKATU3ALIH.

6.7. O0cy:xneHue pe3yJibTaTOB

Hpem)mymee H3JI0OKCHUC II0Ka3bIBACT, YTO TCOPUHU IICPCHOCA H3JIYUCHUA U

cinabom JIOKaJIM3ani MOT'YT OBITH BBIBCACHBI HCIIOCPECACTBCHHO M3 MAaKPOCKOIIU-
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YECKUX MOHOXPOMATHYECKMX YpaBHEHHM MakcBemia Kak CIEICTBHE HECKOJIbKUX
YeTKO C(OPMYJIMPOBAHHBIX MPUOJIMKEHUNA. DTO, KOHEUYHO, HE 03HAYAET, YTO BCE ITH
NpUOIIKEHUS SBISIOTCA 003aTeNbHBIMU U YTO TEOPUHU TMEpeHoca M cnaboi JToKaIu-
3alldd He MOTYT OBbITh BBIBEJCHBI NPU MEHEE >KECTKUX MPEANOJIOKCHHUIX. TeM He
MEHee, 10 TeX NOp MOoKa Takoi Oosiee MpOCTOil BBIBOJ HE IMOIYYEH, MPEACTABIISETCS
1esIecoo0pa3HbIM CUUTATh BCE YCIIOBUS, BBEACHHBIE B pazaenax 6.1 u 6.2, obs3a-
TEJIbHBIMH.

Becbma moy4nTenbHO MOCMOTPETh Ha MUKPO(PU3HUECKUI MOIXO0J K HNEPEHOCY
U3Ty4YeHUS U caboi JTOKaIW3aluy C TO3UINI 3HAMEHUTOM Kilaccu(UKaIMi METOIOB,
UCIIOJIB3YEMBIX Uil PELICHUs 3aJ1ad paclpoCTPaHEHUs BOJH B CIy4YalHBIX Cpenax,
BBenenHor B [100]. CormacHo 3To¥ KiaccuduKauu, BCe METOMBI JEISATCS Ha JIBE
KATETOPUU: «YECTHBIE» M «HEYeCTHbIe». [IpeAmonokumM, 4To BOJIHA OMNHMCHIBAETCS
HEKOTOPOW BEKTOPHON (yHKIIMEH KOOPAMHAT TOYKHU HAONIOEHUS U BpeMeHU u(r,?).
Kak u B pazgene 2.4, o603HauuM yepe3 i HaOOp mapaMeTpoB, MOJHOCTBHIO OMpene-
JSIOIMX COCTOSIHUE BCEM PACCEWBAIOLIEN CpPEIbl B ONPEAEICHHBIA MOMEHT BPEMEHH.
Cormacuo [100], B pamKkax «4ecTHOTO» Mmoaxoia pemieHue mias GpyHkmuu u(r,, y)
CHavajia HaXOAMTCS IS KaKAOr0 3HAYEHHs . DTO PELICHHWE MHOIAA MOKHO HAUTH
SABHO W TOYHO, HO Yallle BCETO OHO 3allMCBIBACTCS B BUJIE PA3JIOKEHUS B P IO
HEKOTOpPOMY IapaMeTpy WIM KakK MOCIeA0BaTeNbHOCT, HTepauuidl. B mporecce
HaXOXKJEHUSI ATOr0 PELIEHUS CTOXAaCTUYHOCTh CpEeAbl HE UIPAET HUKAKOW pOJIA W,
CJIeI0BaTEIbHO, HUKAaK HE oOjerdaer 3aaady. BTopoil 3Tam 3akiroyaeTcs B HaXOX-
JEHUU CPEJHEr0o 3HAYEHHS M APYIMX CTATHCTHYECKHX XapaKTepUCTHK u(r,?,y) W3
SBHOT'O JIETEPMUHUCTCKOTO pemeHus. Ha 3Tom 3tane cToXacTHYHOCTh 4acTO MOMOTaeT
MOJIYYUTh 00JI€€ MPOCTHIE BBIPAXKEHUS ISl CTATUCTUYECKUX XapaKTEPHUCTHUK, YEM IS
camoil ¢QyHkumu u(r,z,y). B pamkax «HEYECTHOro» IMOAXOJAa CTOXAaCTUYHOCTb
UCIIOJB3YETCsl €llle 0 TOro, KaK HaiieHo pereHue st GyHKuuu u(r,t,y), myTeM
BBEJICHUSI HETOKA3aHHBIX, HO «MHTYUTUBHO OYEBHUIHBIX» MPEAIOI0KEHHUI O CTaTUCTH-
YECKUX CBOMCTBAX «CIyYalHOIO ONyKIaHUS BOJHBDY. JTH NPEANOIO0KEHUs yIpoIla-

I0T TIPO0JIeMy 70 TaKOW CTETEeHH, YTO OHAa CTAHOBHUTCS JIETKO permaemoit. HetpymHo
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BUJICTh, YTO MUKPOPU3NYECKHUNA TIOIXOI K TEOPUHU MepeHoca U cinaboi JoKanu3aIuy,

HU3JI0KEHHBIA B 3TOM rj1aBC¢, OTHOCUTCA K KaTCTOPHU «YCCTHBIX».

Pucynok 6.11 cxemarnuecku pe3roMUPYET MUKPOCKOIIMYECKUE TEOPUHU IIEPEHO-

yYpaBHEHH

Paccesinue
(puxcupoBaHHBIM
00bEKTOM

i YpaBHeHHs
> :
¢ ®onnu—Jlakca

Maxpocxonnqecmle
MOHOXPOMATHIECCKHUEC

a1 MakcBeJjia

Paccesinue
cJIy4aiiHbIM
00bEeKTOM

A

Paccesane JUCKPETHBIMU
CJ'Iy‘-IafIHLIMPI qactTugaMun

CraTuueckoe paccessHue

I[I/IHaMI/I‘{CCKOQ paccesaHuc

O

Paccesnue
Cly4alHbIMU
TPYIIIaAMA YaCTHIT

Paccesnaue omHoOM
CJIy4aiHO pacrioJio-
SKEHHOU YaCTULIEH

/\

Paccestnue miorHo-
YIaKOBaHHBIMU
JUCIEPCHBIMH CpeaaMu

Paccestnue pa3zpexeHHBIMU
3PTrOJUYHBIMU
JIUCIIEPCHBIMU CpeaMu

Puc. 6.11. Knaccudukarus npobiieM 3JIEKTPOMarHUTHOT'O PACCESHHUS.

— O\

OnHOKpaTHOE paccesiHue
MaJIOH ciryyaiHOMN
TPYIIION YacTHI]

PaccestHue 0onbIoin
CITy4YailHOW TPYIIIION

YaCTHI]
v

JuarpaMMHOe npecTaBIeHHE

TECH30pa KOIrCPECHTHOCTU

A

JlecTHHYHBIE AUATPAMMBI
= ypaBHEHHE IepeHoca

= ciabas JIOKaJIU3alurs

]_[I/IKHI/I“ISCKI/IC AyvarpaMMbl

Hpyrue Turbl
JuarpaMm
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ca W3NydeHHs] M C1ab0¥ JOKaNMHM3aIlid U TOMOTAeT KJIACCHU(PHUIIMPOBATh UX MECTO B
IIAPOKOM KOHTEKCTE KJIACCHUYECKOM MAKPOCKOIMUYECKOU IEKTPOANHAMUKHU. OH TaKxke
MTOMOTAET BBISIBUTH T€ MTPOOIEMBI, KOTOPHIE BCE €IIE KIYT CBOETO PEIICHHUS.

[Ipexne Bcero, 3a CYeT HUCIOIB30BAHUS MAKPOCKOMUYECKHX MOHOXPOMAaTH-
YeCKUX YypaBHEHUMM MakcBeia B KadyecTBE OTIPABHOTO MYHKTA, Mbl IOJTHOCTBIO
UCKIIIOYWIN U3 PAaCCMOTPEHMSI TaKHE BUJIbI OCBELICHUSI KaK UMITYJIbCHBIN JIa3epHbBIN
Jyd, a TaK)Ke TaKhe KBAHTOBBIC SIBJICHUS KAaK SMUCCHUS U MepepacipeieiieHue 1Mo 4acTo-
TaM. DTU 00JIaCTU TEOPHUH NEPEHOCa AIEKTPOMArHUTHOW 3HEpPruu (CM., Harpumep, [6,
13, 77, 92, 130, 221, 281] 1 cChUIKK TaM) OCTAIOTCA YUCTO (PEHOMEHOJIOTUUECKUMU U
OCHOBAHbI Ha MPUBJICYECHUU KAaK CTAIMOHAPHBIX, TAK U SBHO 3aBUCAIIUX OT BPEMEHU
ypaBHEHUH TIEPEHOCA, HE BHIBEACHHBIX U3 (DYHIAMEHTANHHBIX (PU3UUECKUX TCOPHIA.

Jpyro#i TpyaHO#, HO UHTEPECHOM U BaXKHOUN 00JIACTBHIO UCCIEAOBAHUS SIBIIACTCS
NEPEHOC M3ITYYEHUS! B CTOXACTUYECKU HEOJHOPOJHBIX CpPEliaX, COCTOSIINX U3 OYEHb
cmabo ynmakOBaHHBIX, HO KOPPEIMPOBAHHBIX YacThil. Hampumep, B HECKOJIBKUX HEaB-
HuX myomukanusax [103, 128, 245] 6110 BRICKA3aHO MPEANOI0KEHUE, YTO 00JIAUHBIC
YaCTHUILIbI, MPUHAJIEKANIME K ONPEACICHHOW KAaTeropuu pasMepoB, MOTYT HMETh
TEHJICHIIMIO CO3/1aBaTh TPYNIbl (KJIACTEPhl) MPOCTPAHCTBEHHO CKOPPEIMPOBAHHBIX
YaCTHIl, TOTPYKEHHBIX B 00JIAKO, KOTOPOE B JIPYTHX OTHOIICHUSX SBJISIETCS OJHOPOJ-
HBIM. JTa CUTyanus Oblja MpoaHaIN3uPOBaHA HA OCHOBE MUKPO(PU3UYECKOTO MOIX0/1a
B pabote auccepranta [159]. bbuio, B 4acTHOCTH, MOKA3aHO, YTO €CJIM TaKHE BKIIO-
YEHUS OCTAIOTCS OTHOCUTEIBLHO MAaJbIMU, IPUYEM BBIMIOJHSIOTCS OMNPEICICHHbIC
YCJIOBUSL 3PrOJAMYHOCTH M MPOCTPAHCTBEHHOW OJIHOPOJHOCTH, TO BCE €IlI€ MOKHO
UCIIOJIb30BaTh KIIACCUUYECKOE YPABHEHUE MEPEHOCA, B KOTOPOM MaTpHlla SKCTUHKIUU U
(dazoBasi MaTpuIa MOTYYEHBI IPOCTHIM YCPETHEHUEM 10 BCEM YACTHUIAM, BXOJSIIUM B
o6mako. OgHAKO ATOT PE3yIbTAT MOXKET OKa3aThCs HEMMPUMEHUMBIM K 001akam ¢ 6071b-
IUMU HEOJHOPOTHOCTSIMH.

[Tomumo paboter [159], mpoGiemMa MHOTOKPATHOTO paccesHUsl CBETa B CTOXAcC-
TUYECKUX Cpeax, COCTOSIINX U3 Ca00 YINAaKOBAaHHBIX, HO KOPPEIUPOBAHHBIX YACTHIIL,

aHaJIM3UPOBAJIaCh B paMKax (PEHOMEHOJIOTUYECKON TEOpUH MEepeHoca ¢ HCIOIb30Ba-
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HUEM BCEro €€ Pa3HOLIEPCTHOIO apceHasa IJI0XO ONpPENENEeHHBIX KOHUENUUH (CM.,
Harnpumep, [33, 39, 42, 51, 108, 226, 229]). MbI BuaeIun BbIIE, YTO MATPUIA SKCTUHK-
i 1 (pasoBas MaTpuila MOSBISIOTCS B CTaHAAPTHOM ypaBHEHHH mepeHoca (6.5)
BCJICAICTBUE YETKO C(HOPMYIUPOBAHHBIX NPUOIKCHHUM, TPUYEM KaK BEJIUYHHBI,
YCPEIHEHHBIE TI0 BCEMY aHCaMOJII0 JacTuil. B pamkax ¢eHOMEHOJIOTUYECKON CTOXac-
TUYECKON TeOpUHU NepeHoca MPUMEHUMOCTh MaTPHUIIbl SKCTUHKIUU U (Ha30BOM MaTpH-
1[I KaK UCXOJIHBIX XapaKTEPUCTUK CBETOPACCESIHUS WHIUBUIYAIbHBIX YACTHUIl IPUHU-
MaeTcs B BUJIE MocTynara. B aTom oTHomeHnN (peHOMEeHOI0TrHYecKast TEOpHsl pUHaI-
JEXKHUT K KAaTETOPUH «HEYECTHBIX» MOAX0J0B. COBEpIIEHHO OYEBHIHO, YTO CO3pesa
HEOOXOJMMOCTh CHUCTEMATUYECKOTO HCIIOJIIb30BAHUS «UYECTHOT0» MHUKPOPHU3UIECKOTO
MOAX0Ja JJIsl TOTO, YTOOBI BBISICHUTH CTETICHb U YCJIOBUSI MPUMEHUMOCTH KOHIICTIUN
MaTpUlbl 3KCTUHKIUMU U (Pa30BOM MaTpUIlbl B TEOPUM MHOTOKPATHOTO pacCesiHus
KOPPEJIUPOBAHHBIMU YaCTUIIAMH.

MHorue reo(pu3n4ecKue paccerBarolIue CPEAbl COCTOSAT U3 IUIOTHO yIAaKOBaH-
HBIX U CWJIbHO KOPPEIUPOBAHHBIX YACTHUIl. TUMHUYHBIMU MPUMEPAMU SIBIISIOTCS CHEX-
Hble TIOKpPOBHI [62, 98, 282], mouBa [90], mnanetHsie peronutsl [81, 249] u pacrtu-
TeabHOCTH [216]. KonmmuecTBo myOnuKaiuii, B KOTOPBIX YUCICHHBIC PEIICHUST YpaBHE-
HUS MEPEHOCA UCTIONB3YIOTCS JJISI MOJECIUPOBAHUS ONTUYECKUX XapPaKTEPUCTUK TIOT-
HOYITAKOBaHHBIX JIUCIIEPCHBIX Cpell, ObIcTpo pacteT (cM., Hanpumep, [104, 106, 117,
118, 189, 219, 225, 256, 283]). Bcnomanm, ograko, 94To hopMaibHas TPUMEHUMOCTD
YpaBHEHUS MEPEHOCAa OCHOBAaHA Ha YCJIOBHSX, YTO BCE YACTULBI CpeAbl HAXOIATCSA B
JAJbHUX 30HaX APYr Apyra, a UX IOJOKEHHS SBISIOTCS COBEPUICHHO HEKOPPENH-
poBaHHbIMU. OUEBUIAHOE HAPYILIEHHWE STUX YCJIOBUH B CIydae BBICOKUX MIOTHOCTEU
YIAKOBKH YaCTUI[ MOXET MPUBOJUTH K CYIIECTBEHHBIM OTKJIOHEHUSM OT TEOPETH-
YECKUX PE3YyJIbTATOB, MOJIYYEHHBIX Ha OCHOBE KJIACCHUYECKOW Teopuu mnepeHoca [5].
[To3TOMYy Ba)KHO MPOAHAIU3UPOBATH KAK TEOPETUYECKH, TAK U IKCIEPUMEHTAIBHO, B
KAKOM CTENEHH KIJIACCUYECKOE YPaBHEHHE NEPEHOCAa MOKET MPUMEHATHCA K IJIOTHO-
YIAKOBAaHHBIM JIUCIIEPCHBIM cpenaM. OmnpenenaeHHblid Iporpecc B 3TOM HalpaBICHUU

ObLT JOCTUTHYT B padotax [84, 223, 227, 243, 291].
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Crporass KOJIMYECTBEHHAas TEOpHUsl IEpEeHOCa AJIEKTPOMAarHUTHOM HHEPruu B
IUIOTHOYNAKOBAaHHBIX TUCIEPCHBIX Cpelax, uayuas aaneuie ypaBHeHud donnu—Jlak-
ca, BCE €Ille HAXOJIWUTCS Ha paHHEW cTraauu pa3Butus [5, 260, 262, 264, 263].
Cy1IecTBYIOT HECKOJIBKO «HEYECTHBIX» (PEHOMEHOJIOTMYECKUX MOAXO0J0B K PEIICHUIO
TONH TPOOJIEMBI, KOTOpPHIE OCHOBaHbl Ha MOHSITHH «HE3aBUCUMOTO DPACCESHUS» H
CHEKYJIATUBHBIX MOMBITOK MPEACKa3aTh U3MEHEHHE MAaTPHIIbl IKCTUHKIIUU U (a30BOii
MaTpHULIbI 32 c4eT 3eMepHbIX «3((HEKTOB MI0THOM yrnakoBku» [81]. OqHako 3BpUcCTH-
YECKOE 3HAUYECHHE TAaKMX TEOpPUH OKa3bIBA€TCsS BECbMa OTPAaHWYEHHBIM, a MX 00JacTh
MIPUMEHUMOCTH OCTaeTcsi Hen3BecTHOU. [louTH TO e caMoe MOXKHO CcKa3zarh O (heHOo-
MEHOJIOTMYECKUX IMOAX0AaX, OCHOBAHHBIX HA HCIIOJIB30BAHUU METOJIOB TI€OMET-
puueckor ontuku u Monte Kapio, maxke ecnu mmpu 3TOM OTCIIEKHUBAECTCS IBOJIIOLIUS
ANEKTPUYECKUX MoJeH, a He napameTpoB Ctokca (cMm., Hanpumep, [252]). K cuacTtsio,
KaK Mbl yOeqWINCh B IpeabIAyLIEN T1aBe, pacTyuee oObicTponericteue OBM u Hanu-
yrie 3((HEKTUBHBIX YHCICHHBIX METOJOB MPUBEIU K BO3ZHMKHOBEHHIO CTPOTOro MO/I-
X0Jla K 3TOi mpobiieMe, OCHOBAHHOI'O HA MPSIMBIX KOMITBIOTEPHBIX PEUIEHUSX ypaB-
HeHuit Makcpemna [124, 203, 210, 266].

Jpyroii uHTEpecHOM mpoOIEMOIl SBISAETCA SJIEKTPOMArHUTHOE pacCesiHUE
CIIy4allHOM AUCIIEPCHOM CPENOW, MPUMBIKAIOIIEH K CIy4alHO IIEPOXOBATOM MOBEPX-
HOCTH, TaKOW, HapUMep, KaK TOBEPXHOCTh OKeaHa. XOTs MPOoOJIeMbl, TOJ00HBIE 3TOH,
BaXXHBI HA MPAKTUKE M HEOJAHOKPATHO PacCMaTPUBAIMCH B paMKaxX pa3iNYHbIX (heHo-
MEHOJIOTHYECKUX Moaxo0B (Hampumep, [180]), aHamu3, oCHOBaHHBIM Ha MUKPOQU-

SUYCCKOM IIoAxXonc, €ABa JIM KEM-TO IIPOBOAUIICA.

6.8. OcHoBHBIE pe3yabTATHI

Pe3ynpTaThl, M310KEHHBIE B 3TOM IJIaBe, MPUBEIH K pa3padOTKe yHHPULU-
POBAHHOTO MHUKPO(U3HUECKOTO MOAX0Aa K TEOpUsAM IepeHoca M3IydeHUs u ciaaloii
JIOKaJIM3aluy B Pa3peKEHHBIX CIy4alHbIX IHCIEPCHBIX cpenax. Beck marepuan ston
TJIaBbI SIBJSIETCSl OpUTHHAIBHBIM. K Hanbosee CylecTBeHHBIM pe3ybTaTaM OTHOCSTCS

CIIEAYIOMIHE:
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[IpsiMoi1 BBIBOA OOIIEr0 ypaBHEHHs IEPEHOCA U3IIYUEHHS] U3 MOHOXPOMAaTHYECKUX
MAaKpPOCKOMMYECKUX ypaBHEHU MakcBeiia. DTOT BBIBOJ NPUMEHUM K YacTHLIAM
C MPOU3BOJBHBIMU pa3MepaMu, popMaMH U OPUEHTALUSMHU U TMOJHOCTBIO YUUTHI-
BaeT AJIEKTPOMarHuTHY npupoxay ceera [152, 154, 202].

PazpaboTka oOmielt MUKpOPU3NIECKONH TEOpUHU CIIa00# JTOKaTU3alluu, PUMECHH-
MOM K YacTUIaM C MPOU3BOJBHBIMU pa3MepaMu, (OpMaMu U OPUEHTALMSIMH H
MOJIHOCTBIO YUUTBIBAIOIIEH 3JIEKTPOMArHUTHYO pupoy ceeta [202].

JleTanbHBIN aHATU3:

® KOHKPETHBIX MPUOIMKEHUN, HEOOXOAUMBIX Ul BBIBOJIA YPaBHEHHS MepeHoca
Y TEOpHUH C1aboU JTOKaIn3aluu;

® (pu3MUECKOro CMbICIa BEIMYMH, BXOAAIIUX B YpaBHEHUE NIEPEHOCA;

® YCIOBUH NMPUMEHUMOCTH YpPaBHEHHS NMEPEHOCA M TEOpUHU CIadOW JIOKaau3a-
A,

® [PAaKTUYECKOrO CMbICIA YCIOBUN IPrOAMYHOCTH M CTATHCTHYECKOW OJHOPOJI-
HOCTH PacCEUBAIOIIEH CPEbL;

® MecTa TeOpHil mepeHoca U3Iy4eHus U caaboi JTOKaTu3aluu B HepapXuu mpoo-

JIEM 3JIEKTPOMAarHuTHOro paccesuus [202].

Pa3zpaboTka Mukpodu3nueckoi TEOpPHH IMEpeHOoca B Pa3pekeHHOM TUCTIEPCHOM
cpezie ¢ MaJIbIMU HEOJTHOPOAHOCTSIMU [159].

AHaJIn3 KOHIIENIMU HE3aBUCUMO paccenBaromux yacrtui [ 162, 202].

Obmas dopmyna ans OUBEPreHIMU BEKTOpa IUIOTHOCTH MOTOKA 3JIEKTpOMar-
HUTHOM 3HEPruy W aHajiu3 COXPAaHEHHs SHEPrMU B paMKax TEOpUW IepeHoca

M3JIy4eHus U ciaboit nokanuzanuu [202].
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I'/IABA 7

MNEPEHOC N3JYYEHUA B IIVIOCKONMAPAJUIEJIBHBIX PASPEKEHHBIX
JUCIHHEPCHbBIX CPEJAX

JU11 Mcronb30BaHUs TEOPHUH MEPEHOCA M3IYUYEHUs MPU aHAINU3€ JJabOpaTOPHBIX
W3MEPEHUN WU PE3yIbTAaTOB JUCTAHIIMOHHBIX HAOIIOJEHUN HEOOX0AUMBbI d(PHEKTUB-
HbI€ TEOPETUYECKHUE METOJIbl PEIICHHs] YPaBHEHUS MEPEHOCAa B €r0 MCXOJHOM HMHTET-
paNbHOW MJIM MPOU3BOJHON MHTErpo-auddepenunansHoil popme. K coxanenuro, Kak
Y MHOTHE JPYTue€ MUHTErpAIbHbIE U UHTETpO-IudPepeHInaIbHBIE YPABHEHUS, YpaBHE-
HUE TMepeHoca ¢ TPYJAOM MOAJAETCS AHAIUTUYECKOMY U YUCIEHHOMY peuieHuto. s
YOPOUIEHUS 3a/1a4U MbI C/I€JIa€M HECKOJIBKO JIONOJHUTEIbHBIX MPEANOI0KEHHUM, KOTO-
pBIX OyleM MpuAEep>KUBATHCS BO BCEM MocienyromeM usnoxeHuu. K Hauboinee cy-

IMCCTBCHHBIM M3 HHUX OTHOCATCA HNPCAITOJIOKCHUSA, YTO IAUCIICPCHAA pacCCuBaromias

cpena:

® ABJISETCS ILUIOCKONAPaJUIEIbHOM;

® umeeT OECKOHEUHOE TOPU30HTAIBHOE TPOTKEHNUE;

® OCBENIAETCs CBEPXY IIOCKOW 3JIEKTPOMArHUTHOM BOJIHOW WIIM MapauIeNIbHBIM U
OJTHOPOJIHBIM KBa3UMOHOXPOMATHYECKHUM ITyYKOM CBeTa OECKOHEYHOTO TOTIe-

PEYHOTO CCUCHHUSI.

OTH TIPEINONIOKEHNsT 03HAYAIOT, YTO BCE CBOMCTBA KaK PacCEMBAIOIICH CPEMbl, TaK H
TIOJIST U3JTYYCHUS, MOTYT MEHSTBLCS TOJIBKO B BEPTUKAIBPHOM HAINPABJICHUN U HE 3aBUCST
OT FOPU3OHTAILHBIX KOOPAWHAT. B CBOCH COBOKYITHOCTH 3TH MPEATIOI0KESHUS OTIpee-
JSIOT TaK Ha3bIBAEMYIO CMaHOapmHyto 3a0ayy B aTMOC(HEPHON ONTHUKE W MO3BOJISIOT
BBECTH TEOPETUYECKYIO MOJICIIb CBETOPACCESHHMS, HaXOISAIIyI0 MHOTOYHCIICHHBIC TTPH-
MEHEHHS B pa3HOOOPa3HBIX 00JACTAX HAYKH M TEXHUKH.

B OGompineit yactu 3TOH Tri1aBbl MBI HE OyJeM JejlaTh HHKAKMX JaTbHCUITNX

Hpe,Z[HOJ'IO}KeHI/Iﬁ N BBIBCACM HCCKOJIBKO BaXXHBIX ypaBHeHHﬁ, OIIMCBIBAIOINIUX KakK
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BHYTpPEHHEE IOoJIe U3Iy4YeHUs, Tak U quddy3Hoe n3nydeHue, nokugaromee cpeay [10,
132, 153]. Iloutu Bce 3TH ypaBHEHUS SBISAIOTCS O0OOIIEHUSAMH YpaBHEHUN, KOTOPbIE
OBUIM TOJIy4EHbl paHee I YaCTHOIO Cilydas MAaKpPOCKOIMYECKH HW30TPOIHBIX H
3epKaJbHO CUMMETPUUYHBIX CPEJl, ONPEACICHHOrO B pasnene 2.6 (cM., Hanpumep, [18,
79, 88, 115]). OnHako B OTIMYME OT BCEX MPEABIAYIIMX padOT Mbl HE OyneM Hakia-
JbIBaTh HUKAKUX OTPAaHMYEHUN Ha (POpMy M OPHEHTALMIO PACCEUBAIOUIUX YaCTHUL.
bonee toro, Mpl He OyJleM HCIOJIb30BaTh Takue (PEHOMEHOJIOTMYECKUE MPUEMBbI Kak
NPUHIMIB MHBAPUAHTHOCTH, & BBIBEJIEM BCE MPOM3BOJHBIE YpaBHEHHUS HENOCPE.-
CTBEHHO M3 ypaBHEHHUs NepeHoca. TeMm caMbIM Mbl €lle pa3 MOJYEPKHEM MPIMYIO
BBIBOJIMMOCTb BCEX pE3YJbTAaTOB KJIACCUYECKON TEOpUU IMepeHoca H3Iy4YyeHUs B

CIIy4alHBIX JUCIEPCHBIX Cpelax U3 ypaBHEHUN Makcsenna.

7.1. CranpaprHas 3aja4a

PaccMoTprM  TUIOCKONIApAJJIENBHBIA  CIIOM  PAa3PEKEHHOM JUCIEPCHOM CpENBI,
PacIOIOKEHHBIN MEXY BEPTHKAJIbHBIMU KOOPAMHATAMU Z = z, U z = z,, TJI€ OCb Z
71a00paTOPHOI CUCTEMBI KOOpAUHAT HampaBieHa MEPIECHANKYISIPHO TIOCKUM TpaHu-
11aM CpeJbl, a MHAEKCHI «b» U «t» 03Ha4aroT «HU3» (bottom) u «Bepx» (top) cOOTBET-
ctBeHHO (cM. puc. 7.1). HampaBieHue pacnpocTpaHeHUs H3IIydeHUS N B TOYKE Ha-
Omromenust OyleT 3adaBaThCsA YIOPSAOYECHHOW mapoud {u,¢@}, rTAe u = —cosé
€ [-1,+1] — HanmpaBmistomMii KocuHyc, a 0 M @ — COOTBETCTBYIOLIME 3€HUTHBIA U
A3UMYTAJIbHBIN YIJIbI B JIOKAJIBHOW CHCTEME KOOPJAMHAT, UMEIOLIEH Ty K€ MPOCTPAH-
CTBEHHYIO OpPUEHTALMIO, YTO W JIADOpaTOpHas CUCTEMa KOOpJAMHAT. YTOOHO TaKxKe
BBECTH HEOTpHUIATeIbHYI0 BenuuuHy u = |u| € [0,1]. ns Toro, 4troObl crenath
MHOTHE (OPMYJBl STOW TIJIaBBl 0OJiee KOMITAKTHBIMH, MBI OOO3HA4YMM dYepe3 [l
YHOPSAOYCHHYIO TIapy apryMEHTOB {u, @}, a 4Yepe3 —i — YHOPSAAOYCHHYIO Tapy
apryMeHTOB {—u, ¢} (MOTYEpKHEM, YTO [t W —[i HE SBIAIOTCS CAMHUIHBIMU BEKTO-
pamu). JIroboe [t Bcerma COOTBETCTBYET HHCXOJSIIEMY HAIMPABICHUIO PAaCHpOCTpa-

HEHHMSI, TOTJa KaK —{ BCETJa COOTBETCTBYET BOCXOIAIIEMY HampaBieHuio. Mbl Oyaem
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X

Puc. 7.1. IlnockonapamienbHas paccerBarolias cpeia, OCBEIICH-
Has CBEPXY IJIOCKOM 3JIEKTPOMArHUTHOM BOJTHOM WJIM Tapasielb-
HBIM KBa3UMOHOXPOMATUYECKUM ITyYKOM CBETA.

TaK)Ke UCIOIL30BaTh 0003HAUEHUE

1 2
jdﬁ - j dﬂj do. 7.1)
0 0

[Ipeamonoxum, YTO pPACCEHBAIOIIMK CIOM OCBEIIAETCA CBEPXY IUIOCKOM
ANEKTPOMArHUTHOM BOJHOM WM HapaJyIEIbHBIM KBAa3UMOHOXPOMATUYECKUM ITyYKOM

CBCTA, NPpUYICM HAIIPABJICHUC IMAaJACHUA HACTCA CAWMHHUYHBIM BCKTOPOM ﬁo = {luos ¢0}
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OmHOPOOHOCTE U OECKOHEYHOE IONEPEYHOE CEUECHUE MAJarollel BOJIHBI MU MaJAro-
IIEro IMy4YKa CBETa O3HAYAIOT, YTO BCE XapAaKTEPUCTUKHU KaK BHYTPEHHEIO MOJIA HU3IIy-
YeHUs, TaK U W3JIy4YECHHMs], NMOKHUJAIOIIEr0 Cpeay, HE 3aBUCAT OT KOOPJAWHAT X W ).

[TosTomy ypaBHeHUE (6.5) MOKET OBITh IEPETUCAHO B BUJIC

.y dl(z,n)

s —ny(2)K(z,0) 1(z,0) + n,(2) j 4Edﬁ’Z(z,ﬁ,ﬁ’)T(z,ﬁ’) (7.2)

" JOIIOJHACTCA CICAYIOIMNMHU I'PaHUYHBIMHA YCIIOBUAMM:

1(z, 1) = d(u— ) (0 — @)l (7.3)
I(z,,—t) =0, (7.4)
rie 1(z,n) = 5 — ny)l(z) + Td (z,n) — mnonHbI yaenbHbI BekTop CTOKCa,

BKITIOYAOIIUI KaK KOTEPEHTHBIN, Tak U nuddy3Hbid KomrnoHeHTsl, K 1 Z — marpuia
ASKCTUHKIMU U (pa3oBasi MaTpula, YCPEIHEHHBIE IO BCEM COCTOSHHUSM 4YacTHIl (OTMe-
THM, YTO yTJIOBBIE CKOOKHM, O3HAYAIOUINE YCPEIHEHHE, 37IeCh U Jlanee omyckatorces), |,
— BekTop Crokca majarorero uanydeHus, 0 — 4eTbIpex’neMeHTHBIN CTONIOeI C HyJIe-
BBIMU 3JIEMEHTaMH. ['paHMuYHBIE YCIOBUSI HENOCPEJACTBEHHO BBITEKAIOT W3 MHTET-
panbHOW (OpMBI YpaBHEHHUS NEPEHOCA M O3HAYAIOT, YTO HUCXOMSAIIEE M3JIyYCHHE Ha
BEPXHEW TpaHHIEe CpeAbl COCTOUT TOJBKO M3 MAJAIOLIEro M3JIy4YEeHHs, TOrJa Kak
BOCXOJSIIIEE M3JIyYEHUE Ha HIKHEW TpaHule cpenbl OTCyTcTByeT. COBOKYIHOCTH
ypaBHenuii (7.2)—(7.4) onpenensieT Tak Ha3bIBAEMYIO CHAHOAPMHYIO 340aU).
ITockonbky n,(z) sABIAETCS OOIIMM MHOXXHMTEIEM B O0EMX YacTAX YpaBHEHUS
(7.2), ynoOHO MCKJIIOYUTH €ro MyTEM BBEAECHHS] HOBOW BEPTUKAIBHOW «KOOPJMHATHI

w(z) B coorBeTcTBUU ¢ dy = —ny(z)dz:

v = [ @@ (7.5)

BujHo, uTO ¥(z) MMeeT pa3sMepHOCTb OOPATHOM MIIOMANN, M ~, U SBISETCS KOJIHdec-
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TBOM YacCTHUIl B BEPTUKAIbHON KOJIOHKE €IMHUYHOTO MONEPEYHOr0 CEYEHHUsI, PACIIONO-
KEHHOU MEXy KOOPAMHATON z' = z U OECKOHEUHOCThIO. ECTECTBEHHO MOATOMY Ha3-
BaTh 3Ty KOOPJAHMHATY «YaCTUYHOW IIyOMHOI». B OoTiIMuMe OT reoMeTpu4ecKkoil Koop-
JIMHATHI z, KOTOpasi BO3pacTaeT B HaNpaBJICHUH BBEPX, YACTUYHAs TNIyOMHA BO3pacTaeT

B HampaBiiecHuHn BHU3. Takum oOpazom, dhopmynsl (7.2)—(7.4) mpuoOpeTaroT cleayro-

AN BU:
u% K ) Ty ) j 4R’ Z(y, 8, ) Ty, 1), (7.6)
l,” 4
100, 2) = 8(u - 11,)8(p - )\, (7.7)
1¥,-i) =0, (7.8)

rie ¥ = w(z,) — «9acTU4HAs TONIMHAY BCETO €04 (CM. puc. 7.2).

10, -4)

Al

Ty, -i)

___________________ Al
o /|\

/N

Ty, i)
v =¥

TN
[IC)

Puc. 7.2. CrangapTtHas 3agaya.
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7.2. IIponararop

[lepen Tem, kak pemiarbh IOJIHOE ypaBHEHHE IIEPEHOCA, PACCMOTPUM CHadaja

perieHne 0HOPOAHOTO MU PEpEeHITNATBEHOTO YpaBHEHUS TIEpeHOCca

dI(y, j
p (w, 1) _

; K, )1 ), v >y, (7.9)
W

AOITIOJIHCHHOI'O Ha4YaJIbHBIM YCJIOBHUCM

T ) = 1, (7.10)

Yno6uo BeIpa3uth l(y, [t) depe3 pelicHue CIEAYIOMCH BCIOMOIraTeabHOW 3amadyu C

Ha4daJIbHBIM YCJIOBHCM:

dX ) 9 1 ~ ~
p THAL) — Ky X, w2y (711
X(yo, oo 1) = A, (7.12)

rne A — enunnuyHas Marpuna pasmepHoctd 4x4, a X(w,y,, [l) — BelleCTBESHHAas
MaTpulla pa3MEpHOCTH 4x4, Ha3plBacMas MATPUIIAHTOM WM IIPOIAraTOPOM.
JIeHCTBUTENBHO, €CJIM TpOoIaratop M3BECTEH, TO pemieHue ypaBHenuil (7.9)—(7.10)

IMPUHUMACT BU/I

I(l//a /&) = X(l//a l/’09 :&) IO' (713)
HponaraTOp O6J'I3I[aeT OUYCBHUAHBIM HOJ'IyrpyrIHOBI)IM CBOﬁCTBOM

Xy, v, 1) = Xy, v, ) X(p,, Wy, 1), (7.14)

rae v, <y, < w. [eiictButensHo, mockonbKy Matpuma Y (y,w,, i) = X(w, v, )
x X(wy, Wy, [1) SIBISIETCS PELICHUEM TOTO K€ CAaMOTO MaTpUIHOTO AU dHepeHIIHaTbHOTO
ypaBHeHus (7.11) ¢ tem xe HauanbHbIM ycioBueM Y (w,,y,, /) = A, TO CBOHCTBO

(7.14) cnemyeT W3 €OUHCTBEHHOCTH pelleHUs ypaBHeHus (7.11) mpu HayanbHOM
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ycaoBudu (7.12).

Ecnu pacceunBaromuii cioit siBasiercst ogHopoaasiM, To K(y, it) = K(it), Tak uto

mpomnaraTop MOKeET OBITH 3alKCcaH B BUAC ManHqHOﬁ OKCIIOHCHTHI.

Xy, wo. 1) = exp[—(y —w,)K(f1)/ul, (7.15)

| 1
rne expB = A + B + EBB + gBBB + ---. Ecnu clioii HEOHOPOACH, TO MOYKHO
BOCIIOJIb30BATHCS HOJIyrp}-IHHOBBIM-CBOI‘/JICTBOM (7.14), pa3outs untepsan [y,, ] Ha N

paBHBIX HOIBIHTEPBANOB [y, ], ..., [V, »¥,]s ---» [Wy_» W] ¥ BBIUACIUTH IpoOIIara-

TOp B mipenese N — oo:

Xy, o, 1) = lim {exp[—(Ap/ Ky, + Ay /2, ]+
x exp[— (Ay /Ky, , + Ay/2, )]+
x exp[— (Ay /1) K(y, + Ay /2, )]}
= 1im {[A - (Ay/K(y,, + Ap/2, D]
x[A - (Ay/wK(y, , + Ay/2, )]
x[A — (Ay/ WKy, + Ap/2, D]}, (7.16)

e Ay = (y —w,)/N u y, =y, +nAy.

AHaQJIOTMYHO, PEILICHUE YPAaBHEHUS

di(y,—) _

. K@y, —) 1y, —R), v <w,, (7.17)
Y

—
JOITIOJIHCHHOI'O HAYaJIbHBIM yCHOBI/IeM

I(l/loa _:&) = I()a (718)

TAKKC MOKHO BbIPASUTb YCPE3 PCHICHHC BCIIOMOTaTEIILHOU 3aJa4u C Ha4dYaJbHBIM

YCJIIOBHEM

dX 5 s 1 > 7
iy (‘/’d‘/l/io ) = —K(y, - )Xy, ¥, — 1), w <y, (7.19)




X(ywo, o —f1) = A
KaK
Ty, ) = Xy wo, —0) 1,
[Ipomararop X(w, y,, —{t) 001agaeT MoIyrpynInoBsIM CBOHCTBOM
X(y, wo =) = X,y =) X, wo, =),y < py Sy
1 gaetcst popMyion
X(w, o —i1) = expl[—(y, —y)K(=2)/ 1]
€CJIM CJIOW OJTHOPOJICH U PopMyioit

X,y =) = lim {exp[—(Ay/uw)K(y ., — Ay/2, -] -

x exp[— (Ay /WKy, — Ay/2,—1)]---

x exp[— (Ay/ 1)Ky, — Ay/2,-)]}
= lim {[A - (Ay/w) Ky, = Ay/2,=D)]-

<[A = (Ay/ Ky, — Ay/2,-p)] -

x[A - (Ay/ WKy, — Ay/2,-)]}

eCJIM CIION HeoHOpoeH, e Ay = (w, —w)/N u y, = w, — nAy.

7.3. O0mas 3agaua
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(7.20)

(7.21)

(7.22)

(7.23)

(7.24)

CranpaptHas 3a1ada (7.6)—(7.8) ocHOBaHa Ha MPENOI0KEHUH, YTO PACCEUBALO-

LIMHA CJIOM OCBELIAETCS TOJIBKO CBEPXY U TOJBKO OJHOHANPABICHHBIM HCTOYHUKOM

cera. [1oje3HO, OHAKO, PACCMOTPETH CIEAYIONIYI0 Oosiee OOIIyIO 33134y ¢ TpaHudY-

HBIMU YCJIOBUSIMH, BKJIIOYAIOIMIMMU rpaHuyHble ycioBus (7.7) u (7.8) kak yacTHbBIN

CIyYau:

10, 2) = 1,(Q),

(7.25)
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17, -i) = T,(=4), (7.26)

rae ’Il (L) TT (—/t) mpou3BoNBHEI (M. prc. 7.3). MbI OyieM TOBOPUTbH, YTO (OPMYITBI

(7.6), (7.25) u (7.26) 3amar0T TaK HA3BIBAEMYIO 00WYI0 3a0aH).

10, -2
Al
'T/ l\ T(V/,Tﬁ)
¢(H) \ /4
------------------- =Ty
71N
Ty, i)
T (-4)
2
IN
T(#, 1)

Puc. 7.3. OO1masg 3amaya.

[IpenmnonoxxuMm Tenepb, YTO MANAIOIIMN CBET SIBISETCS KBa3UMOHOXPOMAaTH-
YECKMM. JTO O3HAYAET, YTO yJelIbHbIE BEKTOPhl CTOKCA T¢ (1) m TT (—[t) OIHUCHIBAIOT
«CHOTIBDY MOJHOCTHIO HEKOPPEIUPOBAHHBIX, TOUTH MapaUIeIbHBIX KBA3UMOHOXpOMa-
TUYECKUX ITyYKOB CBETA C HMHTCHCHBHOCTBIO W TIOJISIpU3AIMCH, MEHSIOMMUMHUCS B
3aBUCHMOCTH OT HampaBiieHUs MajaeHus. Pe3ynbrarhl paznena 6.1 mo3BOJSIOT BbIpa-
3UTH TI0JIC M3ITYUYCHUS T(y/, n) mis y e [0,%] uepes Ti(,[t) U TT(_:[‘) CIIETYIOIITUM

obOpazom:

7 N ANT A 1 Ar oy ACAINT oA
() = X0, T, (1 + © [ ditu'Dly. i T, ()
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1 Arorpt A AINT Ay
o L @0 i T i, (7.27)
g ~ AN T A | N ACAINT gAY
[y, 1) = X(w, ¥, 1) 1, (=) + ;I di' e’ Uy, o, 1) 1 (1)

1 AL A AT N
o L @i a i T, (7.28)

rae matpuisl U D pasmeprocTH 4 x4 ONMUCHIBAIOT OTKIMK PacCEUBAIOIIETO CIOS Ha
U3NTydeHHe, TMajaroliee Ha BEPXHIOI0 TPaHUIy B HAMPABICHUU CBEPXY BHHU3, B TO
Bpems kak Marpuisl UT u D' Toit sxe pasmMepHOCTH 4 X 4 ONMMCHIBAIOT OTKJIMK CJIOS HA
U3IydyeHue, Majallee Ha HIDKHIO TPaHUIly B HAIpaBJICHUM CHU3Y BBepX. [lepBbie
cnaraembie B TpaBbiX dacTsax dopmyn (7.27) u (7.28) onuceiBaroT npsmoe (Kore-
PEHTHOE) TPOIMYCKaHUE IMaJaroIero u3iaydeHuss B cooTBeTcTBuu ¢ (7.13)—(7.16) u
(7.21)—(7.24), Torna Kak MoCHeayIONIUE ClaraéMble OMKMCBHIBAIOT Pe3yibTarT auddys-
HOTO MHOTOKpAaTHOTO paccestHusi. COOTBETCTBYIOIINE MAaTpULlbl AU(PGY3HOTO OTpaxke-
HUS U MPOMYCKaHUS OMpeNenstoT napamerpbl CTOKCa MHOTOKPATHO PAaCCEIHHOTO M3-

JYUCHU, BBIXOIAIICTO U3 CJI0, U JAOTCA CIICAYIOIIUMHA (1)OpMy.IIaMI/I:

R4, &) = U, i, i), (7.29)
T(a, 1) = D, i, i1'), (7.30)
R'(a, i) = U'(P, i, &), (7.31)
T'(4, 2') = D'(0, &, it'). (7.32)

Matpuiiel R 1 T onuchIBalOT OTKIMK PacCeMBAOIIETO CIIOSI Ha BHEIIHEE U3TydYeHUE,
najaroliee Ha BEPXHIO TPAHMILy B HATPaBJIeHMH cBepXy BHU3, a Matpunsl RT u TT
OMKCHIBAIOT OTKJIMK CJIO HAa BHEIIHEE U3Ny4YeHHE, aJaroliee Ha HIDKHIOI TPaHHUIly B
HaIpaBJICHUU CHU3Y BBEPX.

Jlerko mpoBEepUTH, YTO PEIICHHE CTAHIAPTHOW 3aJlayl Termepb MOXKHO 3amucarh

B CJIEIYIOIIEM BHJIC:

~ A 1 L
Ly, 1) = 3(1 —p0) 8(0 — 9) Xy, 0, 1)1, + ;/‘0 D(v, it i,)l,, (7.33)



~ . 1 A
I (y,—t) = ;/JOU(V/, i f1y)lg,

~ . . 1 A
L, 1) = (1 —10) (9 —0) X(F, 0, 1)1, + ;/‘OT(#’ i)l

~ . 1 .
1(0,-4) = ;ﬂoR(ﬂ: o) Ly

7.4. MeToj cJ10KeHus
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(7.34)
(7.35)

(7.36)

B sTom pas3aciic Mbl OIIMIICM J3JICTAHTHYIO MAaTCMAaTHYCCKYIO CXCMY IJIA pacdcCTa

marpur U, D, U, DY, R, T, R" u T' ana npoussonsHOro paccensaromero cios,

OCHOBAaHHYIO Ha TakK Ha3bIBaeMbIX dopMynax cioxenus. Pazmenum Becw cioii [0, V]

Ha ciou [0,w] u [w,¥] (cm. puc. 7.4). [lpumensas popmynst (7.27)—~7.32) k 18Bym

KOMIIOHCHTHBIM CJIOSM M K COCTaBHOMY CJIOIO, ITOJIYYHUM:

=

10, —22)

£

Croii 1

o

N

() T

—

Croin 2

|

:l
s
2

A ~Yr ~ ~Yr ~Yr 1 ~n 1/ ~ ~n AN A~y
Uy, i1, i1') = R,(it, ") X(y, 0, ") + ;I du"u" R, (i, 1" )D(y, 4", 1),

7N
(10

Puc. 7.4. Metox cnoxxeHusl.

y =0
14
y =Y

(7.37)
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~ ~r ~ ~r 1 ~n.n ~ ~n AN~
Dy, u, ') = T(i, ') + ;I da"u"R{(, /" )U(w, 4", i), (7.38)
UT(W? :&a :&,) = Rj(ﬁa :&,)X(l//a SU’ _1&,)
1 ~n.n ' ~ ~n ol /ey
+ ;I dia"u"R{(f1, £")D'(y, 4", i), (7.39)
n ~r n ~r 1 ~n . n n ~n [ol /ey
D'y, i, ii") = Ty(i, i) + ;j di"u" R, (i1, AU (y, 1", 1), (7.40)

rae uHAeKkchl 1 u 2 0003HA4Yar0T MaTPUIlbl OTPAXKEHUS U MPOIMYCKaHUS BEPXHETO U

HUKHETO CJIOEB COOTBETCTBCHHO. JIEHCTBUTENBHO, MOXKHO TNPHUMEHHTH (HOPMYJIBI
(7.27), (7.30) u (7.31) k cnoro 1 u 3anucars:

- ~ ANT A 1 N ACAINT gAY
() = X, 0. 0T, + [ i T (@i T, )

1 AL oIt A AINT ~r
+;Idﬂﬂ (s 1) Wy, =)

A ~ A 1 AL o f A Ay T Ay
X0 0T, + — [ it T i) (i)
| AT A
+ ;j di'u' R (4, ft ){X(w, ¥, =) L (=)
1 Anon NN o
+ ;_‘- di" 1" Uy, ps 1) 1 (1)
1 ANon ~roAnNT N
+ ;j da"u"D (., &, 4" 1, (=42 } (7.41)

410, mocine cpaBHenus ¢ (7.27), npuBoaut k ¢popmynam (7.38) u (7.39). Ananorudso,

dhopmyisl (7.37) u (7.40) cnenyrot u3

T A AN T A 1 APy A CAINT Y
Iy, ) = Xy, ¥, —p) L (=p) + ;I A T, 1) Ly (=41")

1 Apoy AN 0’

ANT A 1 Y ACAINT Ay
X~ Ty + [ i T i T i)
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1 Ar o [N/ "y T '
; ;j 4R, (1, ){X(W,O,u )T,
I dﬁ”ﬂ”D(V/, ~r ’\ﬂ) I¢(A”)

o [ Ui (“’)} (7.42)

T

u popmysl (7.28). [1o aHamoruu, MOXKHO MOJYYUTH CIEAYIONIME (HOPMYJIbI JJIsl Mat-

UL OTPAXKEHUS U MPOIMYCKAHUS COCTABHOT'O CJOS:

R(a &) = Ry(, &) + X(0,y, =) Uy, i1, ft')

+ _J‘ ’\” ”TT(A A”)U(l//’ ~n ’\I) (7.43)
T
T(o i) = Ty 2 Xy, 0, 2') + X(Z,v, YDy, i ')
1 "II " ~ooAn Y
- f G iD, i i), (7.44)

R'(i, &) = Ri(@, i) + Xy, DU (w, it, &)
n _J‘ d’\ﬂ " ,[t,,[t")U (l//, A ’\I) (745)
(A A,) = TT(ﬁa I&I)X(l//a SU) _I&,) + X(Oa 8 _/&)DT(Q/IQ ,&9 1&,)

+ j "W T 7)D (i, ). (7.46)

®opmynsl (7.37)~7.40) u (7.43)—(7.46) HazbiBatoTCs (HOpMyJIaMU CIIOKEHUS,
MOCKOJIbKY OHH ITO3BOJISIOT HAWTH CBETOPACCEHBAOIINE CBOWCTBA COCTABHOIO CIIOS,
€CJIM U3BECTHBI COOTBETCTBYIOIIME CBOMCTBA Ka)XJOTO KOMIIOHEHTA. [[elCTBUTENBHO,
ecimu matpuiiel R, T, R u T n1a cnost 1 B uzonsiumm ot cnost 2 u marpunst R, T,
R! u T) nns cnost 2 B u3onauuu ot ci1ost | U3BECTHBI, TO MOKHO PEILMThH YPABHEHHS
(7.37)—~(7.40) u naiitu Matpuisl U, D, U' u D, onuceisaromue none msnyuenns na
IUTOCKON T'paHMIIe MEXy KOMIIOHCHTAMH COCTABHOTO CJIOsi. UWCIieHHas pean3arivs
9TOW TPOIEAYPHl BKIIOYACT 3aMEHY MHTETPAJIOB IO YIJIOBBIM IEPEMEHHBIM 101X O/~

IIUMU KBaapatypHeiMu (hopmynamu. Hanpumep, BcnomauB onpeaenenue (7.1), BMec-
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T0 popmysl (7.37) umeem:
Uy 055 1, 0) = Rz(ﬂ,-,qo,-;ﬂk, o) X, 0; 1, 9))

22 nlum RZ(luiﬂ ¢]’ lum’ gon) D(W’ ﬂm’ ¢n’ luka C”;)a

mln

rae u; 1w, (i=1,..,N,) — KBagpaTypHble y3isl U Beca Ha unrepsaie [0,1], a ¢, u
u, (i=1,..,N ) — kBanpaTtypHsle y3ibl U Beca Ha unrepsaine [0, 27]. [Tonyqaromyrocs
CHCTeMy JIMHEMHBIX anrebpanueckux ypasHeHuil mns sHauenuit matpun U, D, U u
D' B kBajpaTypHBIX y371aX MOXKHO PEIIMTh OJHUM M3 MHOTHX CYyIIECTBYIONIUX YHC-
JICHHBIX METO/10B. [locie 3Toro MaTpuIsl OTpa)XXeHHs U MPOITYCKAHUSI COCTAaBHOTO CJIOS
MO>XHO HaWTH MyTeM KBaJpaTypHOU muckpermzaruu dopmyn (7.43)—(7.46). Ilpore-
Aypa CIOKEHUs ABYX OJJUHAKOBBIX CJIOEB OOBIYHO HA3BIBAETCS METOJOM y/IBOCHHUSI.
Bosiee Toro, npeanonoxum, uto Matpunsl U, D, Ul u D nna mexoroporo
ypoBHS B cioe | u3BecTHBI, I1ie UHAEKC 1 0003HaYaeT, 4TO COOTBETCTBYIOIINE MAaTpPH-
1IbI HaiieHsl i cnos 1 B w3omsiuu ot cios 2. Torna marpunst U, D, U" u D' mua
TOrO € YPOBHS, HO B COCTABHOM CJIO€ TAKKE€ MOHO JIErKO HaWTH. J[eMCTBUTEIBHO,
npumensis hopmynst (7.27) u (7.28) k KakI0My KOMIIOHEHTY U K CYMMapHOMY CJIOO,

MOJTy4aeM:
U’ i, 1) = U i 1) + X' w, —i)U(y, i, i1')
1 ~n.n ~ ~Nn lo¥ /ey |
o [ DI i 0, (7.47)
r ~ ~Y !~ ~Y 1 "” 14 ~ ~Nn lo¥ /ey )
Dy, . ') = D', i, 1) + ;j 1Ol i, UG, 21 1), (7.48)
UT(V/Z :&9 :&,) = Ui(l//'ﬂ :&9 ﬁ’)X(l//, gj’ _:&')
1 'w " Noonn NNt
o [ a1 D ), (7.49)
DT(‘//a :&: :&,) = DT(W, :& ”)X(Wa yla _:&') + X({//a v, _:&)Df(l/ja :&9 :&')

o [ DI D ) (7.50)
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s y' € [0,w] (cm. puc. 7.5a). Ananornuno, ecnn Matpunsl U, D,, U] u D! us-

BECTHBI HA HEKOTOPOM YPOBHE BHYTPH CJIOS 2, B3SITOIO OTAEIBHO OT 1o 1, TO

0 0
(! -0)
VS
Croit 1 47¢\\‘~ 4 Croit 1
(1039
% %
) T(y! i)
Croit 2 Croit 2 ‘»\\T/LV ’
“/IN
Ly, u)
v
(a) (b)
Puc. 7.5. BuyTpenHee nose u3iny4eHus..
U(l//’a/u ) - Uz(l/l l//a )X(Wao /u )
;J‘ ” " 2(l/j l/jnualu )D(Wa 1" ”) (751)
D', it, i) = Dy(y'—w, i1, /") X(yw, 0, 1) + X(v',y, ))D(y, i1, 1)
77,'J‘ d ” ’ 2(‘//—l/j’ M, U )D(l/lo 1" ”) (752)
Uy, i, ') = Uj(y' =y, it, fi") + X', w, U (. i1, i)
1 n " N Y
o L[ QD v U 0 (7.53)
DT(l//’v /&7 :&') = D;(V/' -y, /&7 :&')
1 n.n AN~
o[ U = iU ) (7.54)

s y' € [y, ¥] (cm. puc. 7.5b).
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HpaKTI/I‘-IeCKaSI pcaiun3anuga METoAaa CIHOKCHUS BKIKOYACT CICAYIOIMIUC TPHU

OCHOBHBIX JTaIlla.

e BepTukanbHO HEOAHOPOIHBIM CIIOM YaCTUYHOM TOMIMHBI ¥ mIpeacTraBisercs
CTONOM N ONHOPOIHBIX CIOEB, UMEIOIIUX YaCTUYHbIE TonmuHbl ¥, ..., ¥, npu-
yem ¥ = Z:/_l ¥ (cM. puc. 7.6). BbiOop uncia ci10eB ¥ UX 4YaCTUYHBIX TOJIIUH
MOXET 3aBHCEThb KAaK OT CTENEHU BEPTUKAIBHOM HEOJHOPOIHOCTH HCXOIHOIO

CJIOSI, TaK U OT TPeOYeMOW TOYHOCTH YHCICHHBIX PACYCTOB.

Puc. 7.6. MopenupoBaHue BepTUKAIbLHO HEOJHOPOJAHOTO CJIOS
CITy4aifHOM TUCKPETHOM cpenbl HabopoM N OTHOPOIHBIX CIOCB.

e Marpunpl otpaxenus u npornyckanuss R, T, R' u T! n-ro cnos B uzonsuun
OT BCEX OCTaJbHBIX CIIOEB PACCYMTHIBAIOTCS MPHU OMOIIM METOAA YABOCHHUS (CM.
puc. 7.7). Ilpouenypy yABOEHUS MOXHO Ha4aTh CO CJIOS, UMEIOIIETO HACTOJIbKO
MalIyl0 4acTU4yHyro ToinmuHy AY =¥, / 2" 9TO COOTBETCTBYIONIME MATPHIIBI
OTpPaXEHHUS M MPOITyCKAaHUS MOXHO HAWTH MyTEM ydeTa TOJIbKO MEePBOTO MOPS/I-
Ka paccesHUs, a UMEHHO, BBIOMpasi KOJUYECTBO YABOEHHH k, HACTOJIBKO OOJIb-
muM, 4To Bce anmeMeHThl MaTpull AY Z u AY¥Y K  oka3pIBaroTCs 3HAUYUTEIHHO
MeHbIIMMU eAuHulbl. Mcnonb3ys dhopmyinsl (7.6), (7.15), (7.23) u (7.25)—(7.32)

U npeHeOperas BCeMU CllaraéMbIMH, MPonopIuoHaibHeMUA (AY)" ¢ m > 1, Mbl
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+AY,
'

}2Alpn
'

}wn
'
'

° l{/n = 2knAl{/ﬂ

Puc. 7.7. Tlpouenypa yaBoeHus.

[10JIy4acM:
X (A¥,0,/) = A — A%, K, (f1), (7.55)
X,(0,A%, ) = A - 222K (), (7.56)
A Ay TAY, N ny
Ry (i, i) = —"*Z (-1, it'), (7.57)
Hu
Ny TAY, Ay
Ty (1) = —"Z,(i 1), (7.58)
L
A Ay TAY, A
RZWH(/’CHM ) = f Zn(/ua —H )9 (759)
Hu
A A TAY, Ny
T, (L 12) = WZH(—#, -i'). (7.60)

TToHATHO, YTO MpolleAypa cIoXeHus Takxke Aaet 3Hadenus matpu U, D, U’ u
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D’ na 2 —1 paBHOynaneHHBIX yPOBHAX BHYTPHU 1-TO 108 (CM. pHC. 7.7).

e N Cl0€B MOCIEN0BATENbHO CKJIABIBAIOTCS, HAYMHASA CO CJI0s | M NMpoaBUTasch
BHH3 WJIM HayWHAas co o N M MPOJBUTasiCh BBEPX. DTOT MPOLECC AAET MaTpH-
U, D, U u D'
(bl CIIOKEHUS U OTPaXEHUs COCTaBHOTO citos u matpuuel U, D, u D' kak Ha
Nk
N —1 rpanunax Mexay CJIOSMH, TaK U Ha E 1(2 " —1) ypOBHSIX BHYTpPU KOM-
n=

IMOHCHTHBLIX CJIOCB, MOABJIAIOMIUXCA B COOTBCTCTBYIOIIUX IMPOUCAYPAX YIBOCHUAA.

7.5. YpaBHeHHs1 MHHBADHAHTHOI'O NMOTPYKEHUS

PacueTsl Mo METOy CIOKEHUS MOTYT cTaTh HEd((EKTUBHBIMH, €CIIA CUIIbHAs
BEPTUKAJIbHAs HEOJHOPOJHOCTh PACCEUBAIOIIEH Cpeabl M BbICOKas TpeOyemas TodY-
HOCTb PacueTOB 3aCTABJIAIOT pa3OUTh CPey Ha CIMIIKOM MHOTO OJHOPOIHBIX CIIOEB.
B Takux ciydasx npeamnodyreHre MOXKET ObITh OTAAHO YHCIEHHOMY pelieHuo audde-
PEHIMANBHBIX YPaBHEHHUM AJI1 MaTPUIl OTPAKEHUS U MPOMyCKaHMs KaK (pyHKUIUN dac-
TUYHOM TOJIIIHHBI ¢11051 ¥, HAa3bIBAEMBIX YPABHEHUSAMH NHBAPUAHTHOTO MOTPYKEHUS.

YrtoObl BHIBECTH 3TU YpaBHEHUS, MPEANOIOKHUM, YTO YaCTHYHAs TTyOuHA Y Ha
puc. 7.4 HacTOIBKO Malla, YTO BCEMHU CIIaraeMbIMH, MPOMOPLUUOHAIBHBIMH V" C

m > 1, MmoxHO nipeHeOpeub. Toraa Mpl UMeeM:

xmam=A—%K&m, (7.61)
ma%¢>=A—%mamx (7.62)
A Ay T A Ay
R(iL i) = " 2(0,~1, i), (7.63)
M
A AYp 7[ A ~Y
T 2) = 2Lz, o 1), (7.64)
ML
A A ﬂ: ~ ~Y
Ri(4, i) = Mi’, Z(0, i, (1), (7.65)

!

TrnA Ar T o ~
1ww>=J2@wrm (7.66)
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(cm. bopmymer (7.55)—(7.60)). [Moacrasnsst atu hopmynst B (7.37)—(7.40) u mepexons

K npeneny y — 0, noixyvaem:

mewv=RMJ»——MA”M@uh-{ﬁﬁmmMﬂmwﬁ»
+ _J‘ d/,t”j dﬁmR(" "”)Z(O ~n "W)R("W "!) (7‘67)

D(w, i, ii") =

fﬁ»+;jw7mu,”m("w (7.68)
A Ay T A At Ay
UT(‘//a M, 1 ) = _V/,Z(Oa M, —H )X(Oa 7, —H )
up
+%j@7&@#NTW%U (7.69)
Ww,ﬁ)=TMMU+;jMTUAUﬂ0”/ﬂﬂaﬂﬁﬁ
+ _'[ d//t”J‘ d/’/‘tV”R(" "")Z(O ~n "V”)T ("”/ ",) (7-70)

Hakoner, noacranoska ¢opmyi (7.61)—(7.70) B (7.43)—(7.46) naer:

IR, 1) ”)

o, R(i, 1" )K(O, i )—;K(O ,—iR(f, ")

A Ay 1 A A A Ao~
m+<ij< 200, 1, V)
u u

1 N ~ A AR

+—jw2@1@ RGY, i)
U

+ lj d"”J‘ dﬁ"’R(" "”)Z(O ~n "IN)R("'” "') (7.71)
T

TG _ L en KGO0, i) + = X%, 0, ) Z(0, i, i)
o, u e

+ _J. dﬁ”T(" "”)Z(O ~Nn "I)

+ ;X(T,O,ﬁ) dﬁﬂz(o’:&a A”)R(A” ”)
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j I d/’/z”’T(’\ A")Z(O ~n "l”)R("”’ ’\f)’ (7.72)
aR (A A,) T A ~ ~Y ~Y
ov. ’ X(Ta Oa /u) Z(Oa M~ )X(Oa Y/a —U )
+ U
1 A A A A ApoAY
X0 [ @iz TG )
+ —j da" T(a, ") Z(0, &, - ) X(0, ¥, —{1)
I ’\”J‘ d/i\t’”T(A ’\”)Z(O ~Nn "I")TT("”I ’\I) (7.73)
M ——K(O T (4, &) 1, —i") X0, ¥, —{1")
o,

1 A ~ A AN
+ _J di" Z(0,—f,—a")T(A", &)
U
1 o/ ~AooAn '\” N n

J‘ "!!JA dﬁmR(" ’\”)Z(O AN "W)TT(’\W ’\!) (7.74)

rJIe MHACKC T 03HAYaeT, YTO KAKJIBIM 0CCKOHEUYHO TOHKUH CIIOW JOOABIISICTCS K OCHOB-
HOMY cJiot0 cBepxy. YpaBHeHus (7.71)—(7.74) Ha3pIBalOTCSl ypaBHEHUSIMHU UHBAPUAHT-

HOI'O MOrpyXCHHUA U JOJIKHBI OBITh JAOITOJIHCHBI HAYaJIbHBIMHU YCIIOBUAMHA

R(a, )|, , =0, (7.75)

T(w, 1),_, =0, (7.76)
R'(4, ﬁ’)” =0, (7.77)
T'(a i), =0, (7.78)

rae 0 — HyseBas MaTpuIla pa3MepHOCTH 4 X 4.

Ha npakTrke uHTErpaibl 1o yrioBbIM IEpeMEHHbBIM B ypaBHeHUsX (7.71)—(7.74)

3aMEHSIOTCS COOTBETCTBYIOIIMMHU KBaApaTypHbIMU (POPMYJaMH, YTO MPUBOAUT K CHUC-
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TeMe OOBIKHOBEHHBIX MU PepeHInanbHbIX ypaBHEHUH. JDTa CHCTEMa B COBOKYITHOCTH
c (7.75)—(7.78) cocraBnseT 3aauyy C HayaJdbHBIMU YCIOBUSMH, KOTOpasi MOXKET ObITh
pemrena Ha DBM npu momMonm OAHOTO U3 UMEIOIIHUXCS YUCIEHHBIX METOJIOB. XOTS
ypaBuenus (7.71)—(7.74) He par0T BHyTpEHHEE IOJIE€ W3JIYUYEHHUSI HEMOCPEICTBEHHO,
MOCJICTHEE MOXET OBITh HAWACHO MyTeM KOMOWHHPOBAHHS METO/JAa MHBAPHUAHTHOTO
MOTPYKEHUSI K1 METO/1a CIIOKEHUSI.

Otmetum, uto ypaBHenus (7.71) u (7.72) He 3auemIsIOTCS C YpPaBHEHUSMHU
(7.73) u (7.74) 1 MOTYT pelIaTbCsi HE3ABUCUMO OT TMOCJIEAHUX, €CITU TPEOYIOTCS TOJb-
ko marpuibl R u T. Bonee Toro, mist pacyera Tonpko marpuibl R mocraTouHo pemmrsb

ypaBuenue (7.71).

7.6. YpaBHeHue AMOapuyMsina

Ecnu pacceuBaroiasi cpefa sBJISIETCS. OJJHOPOJIHOM U MOJIyOECKOHEUHOU, TO €€
MaTpulla OTPAXKEHUSI JJIsl CIydasi OCBEIIECHUS CBEPXY BHU3 JOJKHA ObITh HE3aBUCUMOM
or ¥. ITosToMy npupaBHEBaHMe npousBoiHoi OR(4, i')/0¥, B ypasuennn (7.71) k
HYJIIO TIPUBOJUT K HamOosee obmiel opMe HETMHEWHOTO WHTErPATbHOTO YPaBHCHUS

AmbapuymsinHa [1]:

1 ARy A~y 1 n NN
;R(ﬂ,ﬂ YK(a') + ;K(—ﬂ)R(ﬂ,ﬂ )

T A Ay 1 A A A ApAY 1 A A An AnoAy
- T2y + [ ARG ADZG D+ [ 2R
e u It

1 AN ~m A le¥ /4 ~n ~m ~Am Ny
n ;j ai j di"R (3, 41V Z(, ~A"RGA" ) (7.79)

7.7. CooTHOLICHUSI B3AMMHOCTH JISI MATPHUILl OTPAKEHUS U NIPOIYCKAHUS

[IpyauMas BO BHMMaHHE EIUHCTBEHHOCTh PEIICHUS 3a7a4d C HadaJIbHBIMH
ycaoBusimu (7.71)—(7.78), HeTpyAHO BBIBECTH CIIEYIOIINE COOTHOIICHUSI B3aUMHOCTH

AJI MaTpul OTPaXKCHUA U IIPOITYCKaHUA !



198

R, o' +mu,0+m) = D[R, 0; 1, 0] A, (7.80)
R'(u, o' +mp,0+7) = AR (w01, 0")]' A, (7.81)
T (W, o' +mpp+m) = D[T(u, 01,0 A, (7.82)

rae A, naercsa popmynoii (1.52). @opmyst (7.80)—(7.82) B KOHEUHOM UTOTE CIEAYIOT
13 OOIIMX COOTHOIICHUN B3aMMHOCTHU JiJIsi Pa30BOI MAaTPHUIBI M MATPHUIIBI IKCTUHKIINH

(1.50) u (1.51), KoTOpBIE MOXKHO MEPENUCATH CIAEAYIOIIMM 00pa3oM:

Z(—u, ¢ +m - p+m) = D[Z(w, 051, 0)] A, (7.83)
K-, p+7) = A,[K(u, 9)]" A, (7.84)

HevictButenbHo, hopmyibl (7.16) u (7.24) B COBOKYITHOCTH C MAaTPUUYHBIM TOXKJECT-

som (AB)" = B'A" naror
X(Oa Ta —U, p+ 77:) = A3[X(§U’ 07 K, ¢)]TA3 (785)

OueBnHO, 4TO HauajbHble ycioBuUs (7.75)—(7.78) ymOBIETBOPSIIOT COOTHOLICHHSIM
B3auMHOCTH (7.80)—(7.82). MBI MOXeM 100aBUTh OECKOHEYHO TOHKHH CIIOH K
«HAYAIPHOMY CJIOI0» HYJIEBOW TOJIIMHBI M yOenuTbcs w3 ypaBHeHuit (7.71)—(7.74),
YTO MATPUIBl OTPKECHHS M TMPOMYCKAHUS PE3YIbTUPYIOIIETO CIIOS TaKXKe yIOBIET-
BOPSIIOT COOTHOIIEHUSIM B3auUMHOCTH (7.80)—(7.82). M0XHO MPOAOIKUTH 3TOT PEKYp-
CUBHBIN TIpoliecc 00aBiIeHUS OSCKOHEYHO TOHKHX CIIOEB M YOEAUThCS, YTO Ha
KOKJIOM JTare pe3yJbTUPYIONIUE MATPHUIbl OTPAKECHHS U TMPOIYCKaHUS yIOBIETBO-
psAOT cooTHomeHUusAM B3auMHOCTH (7.80)—(7.82). IloaToMy MaTpullbl OTpa)K€HUS U
MPOITYCKAHKS OKOHYATEIHHOTO CJIOS TAKXKE yIOBIETBOPSIIOT ’TUM COOTHOIICHHSIM.
CooTHOIIIEHUsI B3aUMHOCTU SIBJISIOTCS (DyHIAMEHTAIBHBIMUA CBOMCTBAMHU MaT-
PUIl OTPAXKEHUS U MPOMYCKAHUS U MOTYT OBITh UCIIOJIH30BAaHbI HAa MPAKTUKE JJIST TIPO-
BEPKH MPABUILHOCTH U TOYHOCTH KOMIBIOTEPHBIX TIporpamm. bojee Toro, nx MOXHO
MCITIOJIB30BATh ISl TOTO, YTOOBI 3HAUUTEIILHO COKPATUTh BPEMS pacueTa IMMyTeM yMEHb-
IICHUST HE3aBUCUMBIX T€OMETPHIA paccessHus (T. €. KoJauuecTBa map {4, i'}, Uit KOTo-

PBIX MAaTPHUIIbl OTPAKEHUS U MPOMYCKAHUS PACCUUTHIBAIOTCS SIBHO) IMOYTH B JIBA pasa.
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7.8. HepeHOC N3JIYICHUS B MAKPOCKOIINYECCKHA U30TPOIMHLIX H 3€PKAJTbHO

CUMMETPHUYIHBIX Cpeaax

XOTs MpearnonoKeHUe MIOCKOMapaleIbHON TE€OMETPUM TPUBENIO K CYLIECT-
BEHHOMY YIPOILECHUID TEOPETHUYECKOrO aHalv3a YpPaBHEHUs IEpPEHOCA HU3Iy4YEHUSs,
MOCJeAHEE BCE €IIE OCTACTCS CIUIIKOM CIOXHBIM JJIi PYTUHHOTO MPaKTHYECKOTO
ucnosb3oBaHus. [1o3ToMy B 3TOM pazjienie Mbl clieiaeM ele OAHO CTaHAAPTHOE yIpo-
IIEHUE, a UMEHHO, MPEIIOJN0XKHM, YTO JMCIEPCHAs pPacCEUBAIOIIAs Cpela SBIISETCS
MaKpOCKOMUYECKH H30TPOMHON U 3€epKajibHO CUMMETpUuHOW. BcrmomuuB dopmyiny
(2.57), Mbl MOXEM TiepenucaTh ypaBHEHUE NepeHoca (7.2) B ClIeIyIOIeM BU/IE:

PLLGL I P %I di’ Z(z, 1,10 (2, i), (7.86)
ext\T 4z

rac

’(2) = j dz'ny(2') C.o(2') (787)

— TaK HasbIBaeMmasi onmuyeckas 2niyouna, a C,, — CpelHee CEeUeHHE SKCTHUHKIUHU B
pacdere Ha OJHY 4YacTully. B oTnnume oT reoMeTpuyeckoi riiyOuHBI z U YaCTHYHOMN
rIIyOUHBI , onTHYECKas TIyOuHa sBisieTcst 0e3pa3MepHOil BEITMYUHOM.

VY no0Ho nepenucars ypaBHenue (7.86) B cieayrolieM BUE:

A, 0) -~ L T T
WL SELEL R YR —I dﬁ”’_“ du" Z(zsu, g u', ") Nz, u', ¢'),
dT Cext(r) 0 -1

(7.88)

I'AC, KaK U MPEKAC, Mbl UCIIOJIb3YEM 0003HaYEHUS

I(z,u,0) = 1(1,0,9),
Z(t,u,p;u’, @) = Z(7;0, 0,0, ¢").
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Haxkoner, MOxHO 3aMeHHUTDH (Pa30BYyI0 MaTpUIly HOPMAIM30BaHHOM (a30BOM MaTpHUIleit

B COOTBCTCTBHHU C

> 14 1A 47[ 14 12
Z(t;u,p;u', @) = C—(T)Z(r;u,cn;u,co) (7.89)

(cpaBuute ¢ popmyroii (2.58)), 4TO MPUBOJUT K XOPOIIIO U3BECTHOMY YPAaBHEHHIO

~ - 2 +1 _ ~
REED < g+ G0 | w2 ) e o),
dr 47 0 -1
(7.90)
rac
ZU(T) — sca(T) (791)
Cext(T)

— anp0es10 oAHOKpaTHOTO paccesHus (cM. popmyny (1.66)). Cmanoapmuas 3adaua Te-

nepb CBOJIUTCA K COBOKYNMHOCTH ypaBHEeHUS (7.90) U rpaHUYHBIX yCIOBUN

10,11, 9) = 81t 11,)8(9 = @)y, (7.92)
(T, 9) = 0, (7.93)
rne T = 1(z,) — onmuueckas monuuna pacceuBaromei cpesl (M. puc. 7.8).

[To ananmoruu c¢ pazaenom 7.3, rpanuunbie ycinoBus (7.25) u (7.26), onpenens-

IOLLKE 00UWyI0 3a0a4y, MOKHO 3alKcaTh B CIEIYIOLIEM BUIE:

10,4, 0) = 1,(1, ), (7.94)

(T, —u0) = L(~ 0) (7.95)

(cm. puc. 7.9). To 00CTOATETBCTBO, YTO MATpHUlla YKCTUHKIIMU CBENAach K HE3aBHUCS-
eMy OT HAaNpaBJIEeHUs CEUYEHUIO AKCTUHKIIMHU, MO3BOJSET 3aMEHHUTH IPOIaraTophbl

(7.16) u (7.24) nupoCTBIMH CKaJISPHBIMH SKCIIOHEHIIMAIBHBIMU MHOXHUTEIISIMU
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100, —, )
Al
(7, —u, p)
................... A
71N
T(z, 4, p)
r=T

IS
(T, 1, 9)

Puc. 7.8. CrangapTtHas 3agaya.

exp[—(z —7,)/u] mnst T > 7, u exp[—(r, — 7)/p] s © < 7,. B pe3ynbrare, BHyTpeH-
Hee ToJIe M3JTy4eHHs] Ha TPOM3BOIBHON onTuyeckoil Tiybune 7 € [0, 7 | MOXKHO BBI-

pa3uTh yepe3 yaelbHble BEeKTOphl CTOKCA MaJarolIero M3JIy4eHHs CIeIyromuM oopa-

30M:

T T 1 2 14 . r ! 14 1 T [ 14
1 (7, 1, 0) = exp(—7/w) || (0, p) + ;I dcoj du's' D(zs p, 05 1", ") U (1, 07)
0 0

1 o ! H r 1 14 [ T 14 1
+;j dqﬂj du't/ U (s, 05 1, ) L (=14, 9, (7.96)
0 0
12,1, 9) = exp[—(T —)/] 1, (~u, 9)
1 2 [ H r [ ! T 14 1
+;j d(ﬂj de'" Uz, 05 1, 0 1 (1 0)
0 0

1 277: ! H r. ! !’ ! T !’ !
+—j dwj du's' D' (7 1, 0 1, ") L (=44, 0. (7.97)
0 0

T



202

10, —, )
A
/[N -
T, 0) o)
B Al
7N
1z, w1, p)
Iy (=1, 0)
A L

Puc. 7.9. OOimag 3amaya.

COOTBGTCTBYIOH_[I/IG MaTpHUIbl OTPAKCHUA U ITPOITYCKAHWA OIIPCACIIAIOTCA KaK

R, o5 1, 9") = UO0; 1, 05 14 "), (7.98)
T(u 031, 9") = D(T 5 1, 0 1, 9, (7.99)
R'(u, 051, 0") = U(T 511,01, 0"), (7.100)
T'(u, 051, 9") = DO 1, 03 1, 9), (7.101)

TOraa KakK pCiIcHue CTaHHapTHOﬁ 3aJ1a4u IIPUHUMACT BU]J]

~ 1
1 (7, 11, 9) = 3(1 —10)8(p — @) exp(— /)1, + —HD(@ 1 03 10, 9y, (7.102)

~

1
I (z,—p, ) = ;#OU(T; Hs @5 Hos Po) o, (7.103)

(T, 1, 0) = 3 —11)8(9 — pp)exp(=T [ )N,

1
+ ;ﬂoT(ﬂv @5 to> Po) Lo (7.104)
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~ 1
1(0,—u, ) = ;/JOR(#, 5 tho> Po) - (7.105)

He npencrasnsier Tpyaa yopoCTUTh BCE€ YpaBHEHUS pa3AenoB 7.4 u 7.5, ucnoib-
3ys. BBEJICHHBIC BBIIIIE BEIWYMHBI U 00O03HaueHus. Hampumep, ¢ ydetroMm ¢opmy
(7.87), (7.89), (7.91) u (7.98) ypaBHeHre nHBapraHTHOTO TIorpyxkeHus (7.71) u ypas-
HeHue AMOapiymsiHa (7.79) npuHUMArOT XOPOIIIO U3BECTHBIN BU/I:

R R ! 4 ~
0 (u,?ﬂacﬂ) = BT R st ) + ~Z Z(0;—p, 5 41 )
oT . up A

27 1

ZU- 14 14 " " > 1/4 nm ! [

+ I d¢jdﬂ R(u, o5 1", 9") xZ(0; 1", "3 1, ")
47[/1 0 0

2r 1
ZU ” !IN 14 14 ” ” 1 !
+—4 d¢jdﬂ Z(0; —p, 05 —u", " YR, 0" 1, @)
0

T Jd o
o 2r 1 2r 1
+ 4 5 j ngﬂJ‘ d//l”j dgalllj dlL[mR(IL[’ (0; ﬂ”’ g0!!)
T 0 0 0 0
X Z(O, #"’ ¢"; _ﬂm, (0”!) R(ﬂ”!, (0”!; ﬂi, w!), (7.106)

[ [ 14 ZD-N 14 1
(u+u )R, ;10" = ZZ(—M,qa;u,qa)

27 1
w " " ” ” > ”n ” [ 14
+—”J d(/)j du"R(u, o3 1", ") Z(1", ¢"; 11, ")
471' 0 0

[ 2 1
w 14 14 > " 14 ” 14 ! !
+ ”j d¢jdu Z(—u, p;—u", 0" )R(u", 0" 1, 9)
477: 0 0
ZU,u,u' 2r 1 2 1
+ : j d(pﬂJ‘ dﬂNJ‘ d¢lﬂj dﬂm R(ﬂ’ w; ﬂ”, (0”)
4z 0 0 0 0
XZ(IL[”, ¢Il; _//tm, ¢W) R(ﬂlﬂ’ (om; #I, ¢,), (7.107)

AsuMyTallbHas CUMMETPHUS PACCCHUBAIOIICH Cpelbl MPUBOJUT K TOMY, YTO Kak
HOpMaJIM30BaHHas (ha30Bas MaTpuIla 2, tak u Matpunsl U, D, U', D', R, T, R" u
T', ommchbIBaroye MHOTOKPAaTHOE PACCESHHUE, 3aBUCAT OT PAa3sHOCTU a3MMYTalbHbIX
yIJI0B ¢ — @' a He OT CaMHX YIJIOB ¢ M ¢' IO OTACIbHOCTH. J[pyruMu CIIOBaMH, €CJIH

@, @', @, M @ TaKOBBL, 4TO @ — ¢ =@, — ¢, T0 D(z; 1, o5 ', @) = D(z; 11, 0; 1, ") m
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AHAJIOTU4YHO 1A BCCX APYTHUX MATPHUII. OTO0 KBHBAJICHTHO YTBCPKACHULIO, YTO KaxKas

N3 3TUX ManI/IH 06J1az[aeT CJ'I@I[}’IOHII/IM CBOﬁCTBOM:
Y(u, 0+ Ap; ', 0"+ Ap) = Y(u, 0, 14, 9") (7.108)

1151 TIOOBIX @, @' U Ap. DTO CBOMCTBO TO3BOJISIET PA3JIOKUTh KaK YpaBHEHHUE ITEPCHO-
ca, Tak U Bce (OpMyJIbl CIOKEHUSI U YPABHEHUS MHBAPUAHTHOTO MOTPYKEHUS B PSJIbI
®ypre no azumyty [61, 88, 110]. I[Ipu 3TOM ypaBHEHUS IJisl Pa3HBIX A3UMYTAIbHBIX
TapMOHUK OKAa3bIBAlOTCS COBEPIICHHO HE3aBHUCHUMBIMU JPYT OT JApPyTra U MOTYT OBIThH
pElIeHBl MO0 OTJAEIBHOCTH, YTO MPUBOAUT K CYIIECTBEHHOMY COKpPAICHHIO BPEMEHU
pacuera.

VYpasuenue (7.90) MoxkHO eliie 60bliIe YIPOCTUTh, €CITU IPOUTHOPUPOBATH OIS
PU3ALMIO 3JIEKTPOMArHUTHBIX BOJH M 3aMEHUTh YJelbHbIA BeKTOp CTOKCa €ro nepBbiM
AJIEMEHTOM (T. €. yJIeTbHON MHTEHCUBHOCTHIO), @ HOPMAIM30BaHHYIO (Da30BYIO0 MATPHILY

— €€ JICBbIM BEPXHUM DJIEMEHTOM (T. €. UHAUKATPUCON pacCesTHUs):

w

T 27 +1
ClCURY) 4(T)I dqo'j du' Z,\(t;u, g;u', 9" ) I (z,u', ¢")
T Jo -1

dz

~1(z,u, 9) +
T ZD'(T) o ' H ' 7 '
= —1(t,u,p) + 4— de du’a(r;0)I (r,u',9"), (7.109)
T 0 -1

rae
O = arccos[uu’ + (1—u?)"* (1—u'?)"* cos(p — ¢)]

— yroJ paccesiHusi. Mbl y)ke OTMEUallid, YTO MCIIOJIb30BAHUE CKAISIPHOTO MPUOIMKEHUS
HE MMEET pallMOHAIILHOrO (u3nveckoro o0ocHoBaHus. TeM He MeHee, pellaTh CKasp-
Hoe ypaBHeHHe mepeHoca (7.109) HamHOro mpoiie, 4eM BEKTOPHOE, UYTO U OOBACHSET
4acTOe HMCIOJb30BaHUE CKASPHOTO MPHUOIMKEHUS B TEX CIIydasx, KOrja MaJaroiiee
U3ITyYEHHE HEMOJISIPU30BaHO M TpeOyeTcs HATH TOJNBKO YAENbHYI0 WHTEHCUBHOCTD
MHOTOKPAaTHO PaccesHHOro cBera. [IoHATHO Mo3TOMY, 4TO OBbUIO OBl KpaliHE Ba)KHO

BBIIIOJTHUTD )IeTaJIBHBIﬁ AHAJIN3 TOYHOCTHU CKAJIIPHOI'O HpI/I6J'II/I)KeHI/I$I 1 00JIaCTH €ro
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MIPUMEHUMOCTH. JTO OYJET CAEJIAHO B CIEIYIOIIEH ITIaBe.

JucceprantoM ObLT pa3paboOTaH MaKeT MPOrPaMM ISl YUCICHHOTO PEIICHUS
ypaBuenuii (7.106) u (7.107) kak B CKaJsIpHOM, TaK U B BEKTOPHOM BapuaHTax [131,
148, 189]. MHOTOYHNCICHHBIE TPUMEPHI HCTIOIB30BAHMSI ATHX MPOTrpamMM OyIyT JaHbI B
CJIEAYIOIINX I1aBaXx.

[Iporpamma, OCHOBaHHasi Ha YHCICHHOM pEIICHUU CKaJsPHOIO YypaBHEHUS
Awmbapirymsina [189], 6pi1a momemiena B 2000 r. Ha 0OIIETOCTYITHOM AJIEKTPOHHOM
cepBepe http://www.giss.nasa.gov/~crmim H K HAcCTOSIMIEMY BPEMEHH ObLIa HCIIOJb-
30BaHa Oosiee yeM B 20 >KypHaNbHBIX TyOnmukammsix. st wimmocTpanuu BO3MOXK-
HOCTEH 3TOM mporpammbl, Ha puc. 7.10 mokaszaHbl pe3yJbTaThl pacueTa WHTEHCHUB-
HOCTH OTPaXCHHOT'O CBETa JJIsi TPEX MOJENIed ONTHUYECKU MOIYyOSCCKOHEYHOTO CIIOS,
COCTOSIIET0 M3 TMOJIUAUCIEPCHBIX CHEXHBIX 4acTUIll ¢ 3P (GEeKTUBHBIM paauycoMm 50
MKM [189]. [InuHa BOJIHBI Majaromiero u3iaydeHus paBHa (.65 MKM, a €ro HMHTEH-
CUBHOCTB IIPEIIoNaraercs paBHon [, = & Bt M. Mojienu CHEXHBIX YaCTHI[ U COOT-
BETCTBYIOIIME UHIUKATPUCHI paCCEIHUs MOKa3aHbl Ha puc. 7.11. Pacuer naaukatpucel
paccestHus s cPepuueCcKuX YacTUIl MPOBOIIIICS IO CTaHAAPTHON Teopun Mu, Toraa
KaK WHANKATPUCHI paccessHUs JUIsl (PPaKTATBHBIX U TeKCAaroHaJbHBIX KPUCTAJUIOB pac-
CUUTHIBAJIUCH C IOMONIBI0O METOJIa T€OMETPUUYECKOW ONTUKH [123] 1 Tak Ha3bIBAEMOTO
npubnmxenus: ¢uznueckor ontuxu [184]. Pucynok 7.10 nemoHcTpupyer ompenens-
IOIYI0 POJIb MOP(OJIOTHH CHEXKHBIX YacTUIl B (DOPMHUPOBAHUU YTJIOBOH CTPYKTYPHI
b dy3HO OTpaKEHHOTO M3IYUYEHHUS JaKe B TOM CiIydae, KOTJa pacCeUBAIOIINI CIIOi
SBJISIETCS] TIOJTyOECKOHEYHBIM U HETIOTJIOMAoUM. [Ipu 3THX yCIOBUSX MOXHO ObLIO
OKHJIaTh MAaKCUMAJIBHOTO CTIaXHBaromero 3(pQexra MHOTOKpAaTHOTO pacCesiHus, HO
naxke Takod A(MQeKxT okazancs HEAOCTATOYHBIM JIJISi 3aMbIBAaHUS WHIWBUIYATbHBIX
YIJIOBBIX JEeTalied COOTBETCTBYIOIIUX HHAMKATPHUC paccesHus (cm. puc. 7.11). Mol
MOKEM, TaKUM 00pa3oM, 3aKIIFOUUTh, YTO aJICKBATHBIN BHIOOP ()OPMBI YACTHIL SBIISET-
csi He0OXOIUMBIM WHTPEIMEHTOM HWHTEpHpeTaluu u3MepeHuit nuddysHoro orpaxe-

HUS CBETA PA3IUYHBIMU TUIIAMH ITOPOIITKOOOPA3HBIX CIIOEB.
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Mopenb 1 Mopensb 2 Mopenb 3
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Puc. 7.10. VYjenbHas MHTEHCHBHOCTh OTpakKeHHOTo cBeTa (B BTM “cp') Kak
GyHKUIMS 4 U @ JJI OTyOECKOHEUHBIX CI0EB, COCTOSIIIUX U3 CHEKHBIX KPUCTAIIIIOB B
COOTBETCTBHM ¢ MozemsiMu 1, 2 u 3 Ha puc. 7.11. UeTblpe 3HaYEHUS 3€HUTHOTO yIJIa
NaJICHUS HENOJIIPU30BAHHOTO MAPAJUIEIBHOIO ITy4YKa CBETa COOTBETCTBYIOT 3HAYEHUSIM
1, = 0.9,0.7, 0.4 u 0.1, Kkak OTMEUEHO KEJNTHIMHU 3BE310YKAMH. A3UMYTAJIbHBIM IO
najeHus paBeH Hylo. IHTeHCHBHOCTD MaaloIero ceeta papHa I, = 7 Brm .
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Puc. 7.11. MHaukaTpuchl paccessHUA JJIsl TPEX MOJIEJIEN CHEKHBIX

KpPHUCTAJLJIOB.

7.9. OcHOBHBIE Pe3yJIbTATHI
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OCHOBHBIM pe3yJibTaTOM ATOM TJaBbl SBJISICTCS 0611121}1 BCKTOpHAasA TCOpUd

IIEPEHOCA U3JIYyYEHHs B MPOU3BOJIBHOM IIJIOCKOIAPAJUIEIIBHON Pa3peXEHHOU HCTIEpPC-

Hoit cpene [10, 132, 153]. YacTuipl, COCTaBISAIOMUE CPEILy, MOTYT UMETh JTIOOBIEC pa3-

Mephbl, (HOPMBI, OPHEHTAIIUH M TTOKa3aTeln nperomiaeHus. Iloka3zano, 4To cTaHgapTHas

BCKTOpHAasA TCOpHUA IICPCHOCA B MAKPOCKOIIMYCCKHN H3O0TPOIIHBIX W 3CPKAJIbHO CHUMMC-

TPUYHBIX CpellaX U CKAISIPHOE MPUOTMKCHHUE SBISIOTCS YaCTHBIMU CITydassMH OOIIei

TEOPHH.

Eme ogHUM OpUTrMHANBHBIM PE3yJIbTAaTOM SBIISETCS pa3padoTKa AMCCEPTAHTOM

nakera 3((eKTUBHBIX MIPOrpaMM I pacuera MaTpullsl (kodddunuenta) 1udpdy3Horo

OTpaXEHUS JIsl OJTHOPOTHON MOTyOECKOHEUHOM Cpelbl M BEPTUKATBLHO HEOTHOPOTHOM

KOHEYHOW Cpellbl Ha OCHOBE YHCIICHHOTO pEIICHUS ypaBHEHWN AmOapiyMsHa H

WHBApUAHTHOTO TOTPYKEHUS KaK B BEKTOPHOM, TaK M B CKalsipHOM Bapuante [131,

148, 189].



208

I'/TABA 8

AHAJIN3 TOYHOCTH CKAJIAPHOI'O ITPUBJIN/KEHUSA TEOPUN
HEPEHOCA

Mpb1 yXe yIOMHHAQIH, YTO XOTS CKaJspHOE MPHUOIMKEHUE HE MMEET KOHKPET-
HOTO (HPU3UIECKOTO 0OOCHOBAHUS, B CHIIy CBOCH MPOCTOTHI OHO HCIIOJB3YETCS 3HAYH-
TEJBHO YaIlle, YeM CTPOroe BEKTOPHOE ypaBHEHHE NepeHoca. HeTpymHo mokasaTsh, 4To
CKaIgpHOE MPHONIKEHNE CTAHOBHUTCS ACHMITOTHYECKH TOUHBIM B mpenene 7 — 0,
T. €. KOorJa MPUMEHUMO TIPUOIMKEHNE OJHOKPATHOTO paccesars. OqHaKO MHOTOKpAT-
HOE pacCesTHUE BOBJICKACT BCE DJIEMEHTHI (pa30BOM MATPHIIBI, YTO MOXKET MPUBOUTH K
CYIIIECTBEHHBIM Pa3IUYMsIM MEXIY pe3yIbTaTaMH PEIICHUS] BEKTOPHOTO M CKAJISPHOTO
YPaBHEHMU IEpPEHOCA.

Co Bpemenu omnyOnukoBaHWs 3HaMeHUTOW MoHorpaduu Yanapacekapa [45]
OBLJI0O M3BECTHO, YTO B YACTHOM CITydae MOJTyOeCKOHEUHOUW paJieeBCKOU aTMochepsl
OIMMOKA CKaJsIpHOTO NPHOIMKEHUS B YyIETbHOM WHTEHCUBHOCTH 1uDPy3HO
OTpaXeHHOTO cBeTa MOTYT gocturath 10%. OgHako 4yacToe U MOBCEMECTHOE HCIIONb-
30BaHHUE CKAJSIPHOTO TMPUONIKEHUS JeNlaeT KpaiHe HeoOXOAMMBIM Oojiee TOJHBIHN
aHanM3 OMMOOK, OCHOBAHHBIN Ha JIETATbHBIX M CUCTEMATHYECKUX pacueTax Jyisl CIOEB
C Pa3IWYHBIMH ONTHYECKMMU TOJIMUHAMUA W C Pa3HBIMU THUMAMHU PACCEHBAIOLTUX
yactuil. Takomy aHanu3y U OyJeT MOCBAIEHA HACTOAMAs riaBa. Mbl HauyHEM C
MOJAPOOHOTO PACCMOTPEHUS KJIIACCUYECKOTO CIIydasi aTMOC(Epbl, KOTOpasi pacCerBacT
1o 3aKoHy Panest (B TOM 4uciie ¢ HEHYJIEBOW JAENOJiApU3alyeil) U pacloaoKeHa Hall
JaMOEPTOBCKOM MOBEPXHOCTHIO ¢ aJIb0E10, MEHSIOIMMCS OT HYJISI 10 eauHuIb! [170].
3atreM MBI PAcCMOTPUM MHOTOKPAaTHOE paccesHue CPEepuyecKMMH U XaOTHYECKH
OPUEHTHUPOBAHHBIMH HEC(HEPUUECKUMHU YACTUIAMHU C pa3MepaMu, MEHSIOIIUMUCS OT

HyJsl (pP3JIEEBCKUE pACCEMBATENM) 10 HECKOJIBKUX [IJIMH BOJIHBI IAJIalOIIEr0 CBETA

[202].
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8.1. PaseeBckoe paccessnue

PaneeBckuii 3aKOH OJTHOKPATHOTO PaccesiHUsI MPUMEHHUM KaK B CIIy4yae JUCKpET-
HBIX YaCTHI] C pa3MepaMy HAMHOTO MEHBIIMMU JJIMHBI BOJIHBI CBETA, TaK U B Cllydae
baykTyaumii mokasarels MpeJoMIIEHUs! B ra30BbIX cpenax (cMm. pasznpen 6.5). g kop-
PEKTHOTO yueTa BO3MOKHOM aHU30TPOIMH MOJIEKYJI T'a3a, HOpMaJIU30BaHHAs MaTpuUlia

paccestHust JUIsl YMCTO Ta30BOM Cpelibl 0OBIYHO 3aMKMCHIBAETCS B CIICIYIONIEM BUJIE:

3(1+cos’®) —2sin’@ 0 0
- _34in2 3 2
) = 4 2sin“@ 3 (1+cos”O) 0 0
0 0 3cos @ 0
i 0 0 0 A'3cos@
1 0 0 O]
0 0 0O
+(1—A)0 0 0 of (8.1)
0 0 0 0]
rac
_ 1—5, A'=1_25, (8.2)
1+6/2 1-6

a 0 — Tak Ha3bIBaeMbIi (akTop Aenossipu3anuu [79]. st 4ucTOro pajieeBCKOro pac-
cessHUs (paKTOp ACHOJISIpU3alUA PaBEH HYJII0, TOT/Ia KakK Il OOJIBIIMHCTBA PEeATbHBIX
ra3oB OH MOXKET 3aMETHO OTKJIOHSTHCS OT HyJeBOoro 3HaueHus. Hanpumep, o Oau30k K
0.03 mng Bozgyxa u k 0.09 g CO,. DneMeHThl HOPMAIIM30BAHHOM MaTpUIIbl pacce-
STHUSA 111 YACTOTO PAJIIEEBCKOrO pacCesHus MOKa3aHbl Ha puc. 8.1.

PaccmoTtpum  muiockomapaliieIbHYI0  PAJIEEBCKYH0 aTMoc(epy, OCBEIICHHYIO
CBEpXY HEMOJSPU30BAHHBIM MapaICIbHBIM My4KoM cBeTa. CBOWCTBA a3uMyTalbHOMN
3epKajIbHON CUMMETPUU MHOTOKPATHOTO PACCESIHUSI B MAKPOCKOIMUYECKH U30TPOITHBIX
1 3epKajJIbHO CUMMETPUYHBIX JUCIEPCHBIX cpenax (cM. pasznen 7.8 u popmyny (7.108))

MO3BOJISIOT, 0€3 MoTepu OOLIHOCTH, 3a(PUKCUPOBATh a3UMYTAJbHBINA yTroj MajgeHus U
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Puc. 8.1. DOnemeHThl HOPMaIM30BAHHOM MATPHUIBI PACCESHUS IS
c(eprUueCcKr CUMMETPUYHBIX YACTHUL] B PIJIEEBCKOM IpEACIIE.

COKpaTUTh BABOE JUAMNAa30H a3UMYTalbHBIX YIIOB IU((PY3HO OTPaKEHHOTO H3Iyde-
Hus. Takum oOpa3oM, HampaBjeHUE MajieHus OyaeT 3a1aBaThes napoit {u,, ¢, = 0}, a
HAIpPaBJICHUE OTpaKeHHs — Mapod {—u, ¢}, npuaeM u, € [0,1], xe [0,1] nu
@ € [0°,180°].

B stom pazmene mpl Oynem 0003HAYaTh CTPOTO PACCUUTAHHBIE «BEKTOPHBIC»
BEJIMUMHBI TP MTOMOIIH WHAEKCa V (vector), Toraa Kak IpUOIMKEHHBIE «CKAISIPHBIC)
BEITMYMHBI OyAyT CHAaOXaThCsl MHIAEKCOM S (scalar). J[7s KOTM4eCTBEHHOTO OMHMCAHUS
OLIMOOK B ONPEJEICHHONW BEJIMYMHE, BOSHUKAIOIIMUX 34 CUET MCIOJb30BAHUS CKAJSP-

HOTO HpI/I6J'II/DK€HI/I$I, MbI 6YI[CM HCIT0JIb30BAaTh HCCKOJILKO YMCJIICHHBIX XaPaKTCPUCTUK.
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Camoii oOmieit u3 HUX SIBISETCS TaK Ha3bIBaeMasl MPOLIEHTHAs OMIMOKa, OMpe/eIeHHas

KakK

TV(Oa —HU, (ﬂ) - 75(09 —U, (0) % 100%

(T, i, o> 9) = =
’ 70,1, 9)
Uy € [0,1], wel[0,1], ¢ e [0°180°]. (8.3)

3neck 7 — onTuyeckas TOMMIUHA aTMOC(EpE,

~. 1
1Y(0,—p, 0) = ;#ORH(T; 1y 95 g, 0) 1, (8.4)

~ 1
130, —u, @) = ;/JOR(T; 1 @5 o, 0) 1 (8.5)

— BEKTOpHAsI M CKaJsIpHAsl yAelTbHbIE MHTEHCUBHOCTH MU((Y3HO OTpaKEHHOTO CBETa
(em. popmyny (7.34)), R(T ; u, ¢; iy, @,) — K03QPUIMEHT OTpasKeHHs, KOTOPbIH 3aMe-
et Matpuny orpaxenus R(T; u, ¢; iy, ¢,) B KOHTEKCTe CKAlSPHOrO NPUOIMKEHNUS,
I, — THTEHCUBHOCTb MAJIAIOIIETO CBETA.

CreneHb, B KOTOPOW CKaJsIpHOE MPHUOIMKEHWE HEIOOLEHWBACT OTPAKECHHYIO
Y/IEIbHY0 MHTEHCMBHOCTD JUIS 3a1aHHbIX T, 4 W g, XapaKTepu3yeTrcs JOKaIbHOM

HEIOOLEHKOW, ONIPEACIIIEMON KaK

(T ) = max &(T, s o, 9) (8.6)

pe[0°,180°

OtmeTruM, 4TO I ONPENCIICHHBIX 3HAYEHUM [ U M, JIOKAJIbHAs HEIOOLICHKA MOXKET

ObITh OTPULIATENLHON. DTO O3HAYAET, UYTO CKAJISPHOE MPHUOIMKEHUE NEPEOLICHUBAET
o} o

OTPaXEHHYI0 MHTEHCUBHOCTH pH Beex ¢ € [0°,180°]. AHasiornyno, JIoKaJibHas mnepe-

OLICHKA OIIPEACIIACTCA KaK

(T, 1ty i) = min &(T, u, g, p), (8.7)

pe[0°,180°]
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IIPUYEM IIOJOXKUTEIbHAS JIOKAIbHASI IEPEOLICHKA TIPU ONPEAEICHHBIX U4 W [, O3Ha-
YaeT, YTO CKaJISIPHOE MPUOIMKEHUE HEJOOIICHUBAET OTPAXKEHHYIO MHTEHCUBHOCTD MPHU
Bcex ¢ € [0°,180°]. MakcumanbHasi HEJJOOLIEHKAa U MaKCUMaJsbHas MEPEOIEHKa OIpe-

AEISAI0TCA CIEeTyIOMUMU (HopMyTamMHu:

max T — T 88
g, (1) ﬂe[oﬁﬁ,‘ii‘e[o,ugu( s My ), (8.8)
e™(T)=—- min (T, u u) (8.9)

1el0,1], u,e[0,1]

A3UMyTaJIbHBIE YIJIBI, HA KOTOPBIX UMEET MECTO JIOKAJbHAsl HEJOOLEHKA U JIOKaIbHas
nepeoleHka, 0003HaYa0TCs, COOTBETCTBeHHO, Kak ¢, (7T , u, u,) u ¢ (T , u, p1,), TOrma
KaKk COOTBETCTByIOIIME (pa3oBble Yrubl obosHawatorcs kak  a (T, i, u,) u
o, (T, u, u,). Hamomuum, uto ()a3oBBIi Yron ompenenseTcs Kak Yrol MExKIy
HaIlpaBJICHUEM OTPAXXEHUS {—i, ¢} W HANPABIECHUEM, NMPOTHUBONOJIOKHBIM HaIpaBJe-
HUIO NAJCHUS {—/,, TT}.

Jliis onucanus 0oJiee CIOKHBIX CUTyalui, B KOTOPBIX PAJIEEBCKUI CIION OrpaHu-
YEeH CHU3Y JUCIEPCHOM (HalpuMep, CHEKHOM MM NECYAHOW) TOBEPXHOCTHIO, HYJIEBOE
HAYaJbHOE 3HAYEHHUE, OOBIYHO HCIOJIB3YEMOE€ MPH UYMCICHHOM PEUICHUH YPaBHEHHS

WHBApUAHTHOTO norpysxenus (7.106), 3amMeHsieTcsl Ha4aabHbIM 3HAYEHUEM

A

o

, A e [0,1]. (8.10)

S O O O
oS O O O
oS O O O

0

R(T: 00000, = |

0

[Tocnennee cOOTBETCTBYET BOOOpAKAEMOM OMTHUECKH MOJIYOSCKOHEYHON JTUCTIEPCHOM
cpele, OTpa)arollel CBET COrIaCHO U30TPOIHOMY JJaMOEPTOBCKOMY 3aKOHY.

JJist 5KOHOMUHM MecTa MbI MPUBEIEM TOJIbKO Hanbosee MOy4YUTeNbHbIE YUCICH-

HbI€ PE3yJIbTaThl, XOPOIIO WIUTIOCTPUPYIOIINE OCHOBHBIE BbIBOABL. PucyHku 8.2—8.7

max

MOKa3bIBAIOT MaKCUMalbHYI0 HedooleHKy &™(7) M MaKcHUMajJbHYyIO MepeoleHKy

max

g™ (T) nns pasaUuHBIX 3HAYEHHH anb0el0 OJHOKPATHOTO paccesHHs @, (akTopa
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log,, T log,, T

Puc. 8.2. MakcumanbHas nepeonenka & (7 ) (B %, CIUIOMHbIE KpH-
BbIE) U MaKCHMasbHas HepooueHka & (7)) (B %, TOUeUHbIE KPUBBIE)
KaK QYHKIUH onTHueckoit Tommuuel T a1t 6 =0, 4, =0 u @ = 1,
0.99,0.9,0.8,0.5u0.1.

AEToNIApu3allMid d U JaMOepTOBCKOro anbbeno A;,. OTH rpa@uku MOXHO HCHOJb-
30BaTh JJISl IPUHSTHS PEHICHUS O TIPAKTUIECKON MPUMEHUMOCTH CKAJISPHOTO TPUOITH-

JKCHUS B 3aBUCUMOCTHU OT KOHKPCTHOI'O IMPHUIJIOKCHUA.
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R T T T T T ] 1R T T T T T T
10 + w=1 _| 10 - ZD':099 —

log,, T log,, T

Puc. 8.3. To xe, yto Ha puc. 8.2, Ho w1 0 = 0.086.

BunHo, 9TO pasnuyms MEXITy TOYHBIMH W TPHOIMKEHHBIMH PE3yIbTaTaMHU
YMEHBIIAOTCSA C yBenudenueM o uw/win A,. Jlns ontuuecku Tonkux crnoes (T < 1)
pas3IuYus BCETJa YMEHBIIAIOTCS ¢ YMEHBIIEHUEM @. UTOOBI OOBSICHUTH MOCIIEIHIOI0

3aBUCUMOCTD, PA3JI0OKUM «BCKTOPHYIO» U «CKAIAPHYI0» MHTCHCHBHOCTHU 11O KPATHOC-



12 T T T T T T

log T

Puc. 8.4. To xe, uro Ha puc. 8.2, Ho 11 6 = 0.031.

TSM pPacCesTHUS:

TV(Oa —U, (p) = 2 o’ 7Jnv(o’ —H, ¢)’

n=1

12

215

(8.11)
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log,, T log,, T
Puc. 8.5. To xe, uto Ha puc. 8.4, Ho msa 4, = 0.1.
IS(Oa —H, (ﬂ) = anlns(oa —H (P), (812)

n=1

rje Tnv(O, —U, Q) U 7;(0, —1t, ¢) He 3aBuCAT oT @. B npenene 7 — 0 MOXKHO y4ecTbh

TOJIBKO BKJIAJIBI IEPBOTO U BTOPOTO MOPSIKOB paccesiHus U nepenucarsh hopmyy (8.3)



12 T T T T T T T 12

log,, T

Puc. 8.6. To xe, uto Ha puc. 8.4, Ho msa 4, = 0.4.

B CIIETYIOIIEM BHUJIE:

o= 0U = L) 600
1"+ ol

o @=1 4 10f

w =0.99

217

(8.13)

rae Mel ywid, uto /' = [;". Jlerxko BUAETH, YTO TMOCHEAHSS GopMyia IeHCTBUTEIHHO
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R T T T T T | 12 " T T T T T
10 w=1 _ 10 - w =0.99

log,, T log,, T

Puc. 8.7. To xe, uto Ha puc. 8.4, Ho niia 4, = 1.

BOCIIPOM3BOIUT OTMEUEHHYIO 3aBUCHMOCTb ITPOLIEHTHOI ommbku ot @ npu 7 < 1.
Jlns ontudecku Toncthix atmocdep (7 > 1), BeKTOpHBIE—CKANSAPHBIE Pa3i-

YK CHayasia BO3pacTaroT 10 MEpEe YMEHbILIEHUS allbOe0 OJJHOKPATHOTO PACCESIHUS OT

1 no mpubnuzurensHo 0.8, HO 3aTeM yOBIBAaIOT C JaJbHEUIIUM yMEHbleHueM @. B

mpeacic T — 00 BCC KPHUBEBIC HpI/I6HI/I)Ka}OTC$I K COOTBCTCTBYIOIIMM ACUMIITOTHYCCKUM
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3HAYEHUSAM, KOTOPBIE HE 3aBUCAT OT ajdb0€10 MOACTHIIAIONIECH TOBEPXHOCTH, a 3aBUCT
TOJIKO OT anp0eno OJHOKpAaTHOro paccesHus H (akrtopa genoispuzamuu. Jis
3HAYEHUU @, PaBHBIX WIM OJM3KHUX K €IUHULE, U HU3KUX 3HaYEHUH anp0en0 MoJCTH-
narolielf MOBEPXHOCTH, BCE KPMBHIE MMEIOT XapaKTepHbIi MakcumyMm npu T =~ 1,
KOTOPBII HMcYe3aeT NpU YMEHbUIEHUU @ W/WIN yBeIUYeHUU A, . VIHTepecHo, uToO /1BE
OIIMOKH, MOKa3aHHbIE HA pHC. 8.2—8.7, UMEIOT COMOCTABUMbIE 3HAUCHHU.

Pucynku 8.8 m 8.9 mokas3pIBarOT yriIOBOE€ pACHPEAECIECHUE BEKTOPHBIX—CKAJSP-
HeIX pasmumumit gugs T =1, § = 0031, @ =1 u 4, = 0. OrmernM, OAHAKO, YTO
MOKa3aHHBIE KOHTYpPHBIE TpaduKU ABIAIOTCS BECbMa TUIIUYHBIMU U, B COBOKYITHOCTH C
puc. 8.2-8.7, naroT xopollee NpeacTaBIeHne 00 aHATIOTUYHBIX pe3ynbTarax Uil Ipy-
IMX 3HAYEHUW ONTHUYECKON TOJNIIMHBI, alhb0EI0 OJHOKPATHOTO paccesHus, (akTopa
JENOJIAPU3ALMY U JJaMOepTOBCKOro ansoeno. bosee Toro, Mbl 0OHapyKUJIU, YTO HE3a-
BHCHMO OT 3HAYEHUU 3THUX [apaMEeTPOB JIOKAJIbHAs HETOOIIEHKA BCErla UMEET MECTO B

azuMyTanbHOM mockocT 180° T. e.
o (T, u, 1,) = 180° (8.14)

[osTomy kontypHbiit rpaduk a (7T, i, t,), NOKazaHHbIA Ha auarpamme 8.10a, Toxke
OKa3bIBAaeTCA OJMHAKOBLIM i mobbix 7, &, @, and A . Bnaromaps ToxkIecTBy
(8.14), koHTYpHBI rpadux nporentHoit ommbku &(T , i, u,, @), NOKA3aHHBINA HA JUa-
rpamMme 8.9a, SIBIISIETCS B TO K€ BPeMsI KOHTYPHBIM rpaMKOM JIOKaJTbHON HEJOOLEHKH
eo(T, s 1to).

Kak Mbl yke oTMeuanu, JIOKaJlbHas HEJOOIEHKAa BCErJa HMMEET MECTO IpH
¢ = 180° C gpyroii CTOpOHBI, a3UMyTalbHAas MJIOCKOCTh JIOKAJIBHON MEPEOLICHKU IS
OaHHOTO w4, Bpauaerca ot 0° nmpu u =~ 1 B HanpaBnenuu 90° npu ¢ — 0 (cM. 1ua-
rpammy (c) Ha puc. 8.10).

HaunbGonee wHTpUryIOIUM pe3yJbTaTOM HAIIUX PACYETOB SIBISIETCS TO, YTO
JIOKaJlbHas MEepeoleHKa BCerja JOCTUTaeT MaKCUMalbHBIX 3HAYeHUW mHpu (Pa3zoBBIX

yriaax, paBHbIX Wi Onu3kux Kk 90° g Bcex y, (cMm. nuarpammy 8.10b), Torna kax
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Puc. 8.8. (a) KontypHusle rpaduku npoueHtroi omudku (7, u, iy, @) (%)
s T =1, 6=0031, @ =1, 4, =0 u ¢=0° (b) To xe, uTo Ha
muarpamme (a), Ho 111 @ =60°. (c) To ke, yTo Ha AMarpamme (a), HO JJIA
@ =90°. (d) To xe, yTo Ha Auarpamme (a), HO Ayt @ =120°.

JIOKaJbHas HEAOOIEHKAa MaKCUMajbHa TPH (pa30BbIX YIJIaX, PABHBIX WM OMM3KUX K 0°
IJI IOUTH BceX K, (cM. auarpammy 8.10a). OTo 3ameuaTenbHOE CBOMCTBO, KOTOPOE
uMeeT MecTo it Becex 7, &, @ M A, moMOraeT oObACHHTD, IOYEMY BEKTOPHbIE—
CKAJIIPHBIE Pa3JINyus TaK BEJIUKH B CIIy4ae PAIIEEBCKOTO PACCESTHUA.

JleficTBUTENBHO, ABYMSI BaXXHBIMH OCOOCHHOCTSIMU PAJIEEBCKON HOpPMaIM30BaH-

HOU MaTpHulbl pacCCAHUA ABJIAIOTCA CHJIbHAA IIOJIAPpHU3alUAg IIpU YIJIaX PACCCAHMA,
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N (a) (b)
=3 o~ \Ns
" 0 5
2 L -8 4
4 -9
w7 6 S "
n 8 L " -8
0.5 — 24
2 8 —/\_2 \
- 6 - _10
\ v : /_\o “
L —21-9 L
<4
0 2 4\[ 1 1 | 1 / /I(_\el 1 1 1 | 1 1 1
0 0.5 1 0 0.5 1
Ho Ho

Puc. 8.9. (a) To xe, yuto Ha auarpamme 8.8(a), Ho mist @ =180°. Orta
auarpaMMa TaKXKe SBIIICTCS KOHTYPHBIM rpauKoM JIOKaTbHOW HEJOOIECHKH
e,(T, 1, 1,) (%). (b) Konurypueiii rpaduk JOKanbHOH MepeoeHKH
e (T, 1, 1) (Y)yna T =1,5 =003, @ =1u 4, =0.

omskux Kk 90° (1. e. —5,(90°)/a,(90°) ~100%), 1 1MOYTH M30TPONHAS WHAUKATPHCA
paccesaust (cMm. puc. 8.1). ITockoJIbKy BEKTOpPHBIE—CKAJIAPHBIE Pa3Iuyusi B MEPBOM
MOPSIAKE PACCESHUS TOXKJIECTBEHHO PaBHBI HYJIO, PACCMOTPHUM IOBEACHUE OTPAXKEH-
HOH y/JeJIbHOW MHTEHCUBHOCTH BO BTOPOM MOpsiAKE paccesHus. JI[Ba 4yaCTHBIX ciiyyas
TPAEGKTOpUN paccesHHs BTOPOro Mopsiaka mnoka3zansl Ha puc. 8.11. Tpaekropus,
MOKa3aHHAasl Ha AuarpaMmme (a), COAEPIKUT JBa aKTa pacCcesiHUs Ha OJUH U TOT XKeE yroJl
paccesHust @ = 90° Takux, 4TO IUIOCKOCTh paccesiHus He Bpamaercs. l[loatomy
pe3ynbTUPYIOMUi (a30BBI YTOJI OKa3bIBACTCS PAaBHBIM HYJIO. TpaeKkTopus, moKa3aH-
Hasg Ha guarpamme (b), comepXHT HE TONBKO ABa akTa paccesHus ¢ @ = 90° HO u
MOBOPOT IJIOCKOCTU paccesinusg Ha 90°, B pe3ynbrare 4ero (pa3oBbIid yTojl OKa3bIBaAET-
cst paBHbIM 90°. B ckansipHOM NpuUOJIMKEHUH BKJIAJIbl 00€UX TPACKTOPUU B OTPAKEH-
HYIO YJI€JIbHYI0O WHTEHCHUBHOCTh OJMHAKOBBI M, MPU OTCYTCTBHM JCTHOJISApU3AINU,
nporiopuroHanbHel  [a,(90°)]° = 9/16. B cTporoM «BEKTODHOM» CJIy4ae BKIIajl
TPAaEKTOPHUH paccessHusl Ha auarpaMmme (a) nmpornopuuoHaiieH aeMeHnty (1,1) maTpuibl

?(900) E(90°), paBHomy 18/16, Torma Kak BKJIa[ TPAEKTOPHHU PACCESIHUS Ha JAUarpam-
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Puc. 8.10. (a) Konrypnsiii rpapux a (T, u, u,) (rpan), HAJIOKEHHBIA HAa LBETHYIO
JMarpamMmy JlokanbHol Henoouenku & (T, u, 1)) (%) s T =1, 6 = 0.031, @ =1
u A, = 0. (b) Konrypusrit rpapux o (7, i, 1,) (rpam), HalOKEHHBIH Ha HBETHYIO
nuarpammy JokanbHoit nepeouenku & (7, u, 1)) (%) ana T =1, 6 =0.031, @ =1
u A, = 0. OTMeTHM, 4TO HUKE U cleBa oT KoHTypa ¢ Mmetkoit 90, a (T, i, u,)
ABJISIETCS HENpPEpBbIBHOW (pyHKUMEH u W 4, Bcerja mpeBocXoauT 3HaueHue 90° u
MMeeT MakcuMyM B paifone u = u, = 0.64. (c¢) Konrypusii rpadux o (T, i, 1,)
(rpaj), HAIOXEHHBI Ha LBETHYIO JMArpaMMy IOKaabHOM nepeouenku & (7, u, i)
(%) mia T =1, 6=0031, @=1wu A4, = 0. Ormerum, uro ¢ (7, u, u,) obpa-
[aeTcsi B HyJIb BBIIIE U CIIpaBa OT KOHTypa ¢ MeTKoi 0.
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° = ° ° - )
(a) (b)

Puc. 8.11. JIBe TpaekTopuu paccessHus BTOPOTO MOPAIKA, COASPKAIIUE 1B
akTa paccessHusi Ha yroa B 90°. HanpaBneHnue pacnpocTpaHeHUs1 OT YHATATE-
751 0003HAYEHO NEPEUEPKHYTHIM KPYKKOM. TpaeKkTopusi, TOKa3aHHAsI Ha JIU-
arpamme (b), cogepkut BpalleHue TI0CKOCTH paccesiHus Ha 90°.

Me (b) nponoprimonaien aemeHty (1,1) maTpuirs ?(90") L(-90°) ?(900), rae

1 0 0 0]

0 cos2yp —sin2yp O
L(n) = .
0 sin2xp cos2y O

0 0 0 1

— MaTpula, ONMKUCHIBAKOIIAs TpaHchopMmanuto napameTpoB CTokca npu MOBOPOTE IJIOC-
KOCTH OTcueTa Ha yrojl # =0 1o 4acoBOW CTpENIKE, €CIM CMOTPETh B HaIPaBICHUU
pacripoctpaHeHusi cBeta. Herpyano yOenutbes, uto asnemeHT (1,1) matpuiisi
|~=(90°) L(-90°) |~=(90°) paBeH Hymto. TakuM o0Opa3oM, CKaISIpHOE MPUOKEHHUE H0JI-
KHO CYILECTBEHHO HEJIOOLICHHBATh YAEIbHYIO WHTEHCUBHOCTH B IIEPBOM CIlydae
(nyneBoil (a30BBIi yroia) U B paBHOM CTENEHU MEPEOLICHUBATH €€ BO BTOPOM Cilyyae
(pazoBbrit yronm 90°). DTOT BBIBOA HAXOAMTCS B MOJHOM COIVIACHHM C PE3YJIbTATAMM
pacueToB Ha quarpammax 8.10a u 8.10b.

OmuOKM cKalsIpHOro NpUOIMKEHUS B TU(PPY3HOM MPONYCKAHUU OKa3bIBAIOTCS
BIIOJIHE CONOCTABUMBIMH C OIIMOKaMH B JU(DPY3HOM OTPAKEHUU U TOKE MOTYT OBITh
OOBSCHEHBI IyTEM PACCMOTPEHUSI TPACKTOPUN paccesiHUsI BTOPOIO MOps/iKa, COOTBET-

cTBytoux (pazoBeiM yriam 90° u 180°.
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8.2. IosmaucnepcHbie chepuyeckue 4YacTUUbI U cheponanl

PaccMoTpum Temepb, YTO MPOUCXOJUT, KOT/Ia pa3Mep pPaCcCEUBAIOMIMX YaCTHI]
pacTeT M BBIXOAMUT 3a I'PAHMIIBI JUANA30HA, OMHCHIBAEMOIO PAJNEEBCKUM MPUOIMKE-
HueM. UTOObI OLICHUTHh BEPXHUI Mpeesl BEKTOPHBIX—CKAISPHBIX Pa3IudHil B CHeIH-
(buyecKoil UHTEHCUBHOCTH, MBI OyJIeM paccMaTpuBaTh TOJBKO HEMOTJIOMIAONINE Yac-
taubel ¢ m, =0 u @ =1 u npeanonarare, yto 4, = 0.

Pucynku 8.12 u 8.13 anamoruynsl puc. 8.2—8.7, HO MOKA3bIBAIOT PE3yJIbTATHI
pacyeToB JUIsl MOJUAMCIEPCHBIX CPEPUUECKUX YACTHI[ C MOKa3aTelieM IMpelIoMIICHUS
1.33, GiM3KUM K TIOKA3aTeNlo MPEJIOMJICHHUS BOJbI B BHUJIMMOM O0JIACTH CHEKTpa.
[TonuaucrnepcHOCTh YaCTUIl OMUCHIBAETCS MPOCTHIM ramma pacnpeneieHuem (4.1) c
¢buxcupoBanHoi 3¢ dexTuBHON aucnepcueid, papHoit 0.1. DpdekTuBHBIN pa3MepHbIi
napaMmerp 4actuu X = k7, Menserca oT 0.01 mo 20. Pucynox 8.14 noxa3sbiBaer
COOTBETCTBYIOIME MHIMKATPHUCHI PACCESHUS M OTHOIIEHUS — b, /a,.

CpaBuenue puc. 8.14 ¢ puc. 8.1 mokaseiBaer, uto yactuusl ¢ x = 0.01 Bce
€IlI€ OCTAIOTCSl PATCEBCKUMHU PACCEUBATENISIMH, YTO JIENAET JIEBYIO BEPXHIOIO JHarpam-
My Ha puc. 8.12 MOYTH HEOTIMYMMOM OT JIEBOM BEpXHEH nuarpamMmbl Ha puc. 8.2.
OnHaKo 4acTulpl € X, X 2 3aBEIOMO HaXOATCS 3a IMpEJeNIaMU pajIeeBCKOM o0iacTu
(cM. MyHKTHpHBIE KpUBBIE Ha JIBYX CpeIHUX auarpammax puc. 8.14). B nmuamazone
3HaueHu’ >P¢GeKTUBHOrO pazMepHoro mapamerpa ot 0 g0 npumepHo 1.5 moBeneHue
MakcUManbHOU Tepeouenkn &™*(7T) coBeplIEHHO OTJIMYAETCA OT IIOBEJEHHS
MakcuManbHoil Henoouenku &(7) (cm. puc. 8.12). B To Bpems kak &"*(7)
MOHOTOHHO YMEHBIIAETCS C POCTOM X, &. (7 ) cHayana BO3pacTaeT, JOCTHUTAET
MakCUMyMa MNpU X =~ 1, U TOJBKO 3aTEM HAuYMHAET yMEHbLIaThCcs. bomee Toro,
MakcuMajibHoe 3HaueHue ¢ (7 ) mpu x, = | ykaspBaeT Ha jaxe OONbIINE BEKTOP-
HbIe—CKAJIAPHBIE OTIWYMS, YEM B CIIy4ae YUCTOTO PIIEEBCKOrO paccesiHUs (CpaBHUTE C
puc. 8.2).

WNuTtepBan 1 < x < 3 sBIsgeTCS NEPEXONHON 30HOM, B KOTOPOM BEKTOPHBIE—

CKaJISIpHbIE OTIMYMs OBICTPO YOBIBAIOT A0 3HaueHHWH, MeHbIuX 1% (cMm. puc. 8.12 u
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Puc. 8.12. Makcumanbnas nepeotenka £™*(7 ) (B Y%, CIUIONIHbIE KPUBBIE)
¥ MakcuMmaibHas Hefoouenka &'(7) (B %, ToueuHble KPHUBBIE) Kak
¢yHkIMK onTuueckoit TommmHEbl T JUIS HOMMIMCIEPCHBIX ChepuyecKux

gacTull ¢ 3QQPEKTUBHBIMH Pa3MEpPHBIMH IMapaMETPaMH, MEHSIOIIUMHUCS OT
0.01 mo 1.5.
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5¢C T 1 T 1 T 1 T ] 5¢C T 1 T 1 T 1 T ]
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log,, T log;y T

Puc. 8.13. To ke, uto Ha puc. 8.12, Ho m71s1 3G (HEKTUBHBIX pa3MEpPHBIX MMapa-
METPOB, MeHsromuxcs ot 2 10 20.

8.13). Ilpu OOMBIIMX pa3MEpHBIX MapaMeTpax pa3iudusi OCTAIOTCS MEHbIIUMHU 1%,
O3Hayas TeM CaMbIM, YTO CKaJsipHOE MPUOJIMKEHUE OO0ECreYrBaeT TOYHOCTh, JOCTa-
TOYHYIO JUUIsl OOJBIIMHCTBA MPUMEHEHHH. DTOT pe3yJibTaT, MO-BUIUMOMY, O3HAYAET,

yTto OOJIBIINE BCKTOPHBIC—CKAJIIPHBIC Pa3/IMdrsa XapaKTCPHbI TOJBKO AJII 4YaCTHUII,
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Wunukarpuckl paccesaust @,(0) wu otHomenus —b,(0)/a,(O) kak
byHKIIMM yraa paccesHus 6 U1 MOJUIUCIEPCHBIX C(HEPUUECKUX YaCTHUI] C
3¢ HeKTUBHBIMU pazMepHBIMU MapameTpamu, MeHstonmmucs ot 0.01 1o 20.
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MMeroLnx oTHomeHue — b, (0)/a,(0) paneesckoro tuma (cp. puc. 8.14).

Y100l 00BACHUTH HECKOJBLKO 3araJo4yHoe MNOBEAECHHE MAKCUMAJILHOW HEI00-
[IEHKU MPU MaJbIX pa3MEpHBIX mapaMeTpax, BcnoMHUM (opmyny (8.13) u puc. 8.11 u
MIPOAHATIM3UPYEM CJEACTBUS PE3YJIbTATOB, MPEACTABICHHBIX HA JBYX BEPXHHUX JuUa-
rpammax puc. 8.14. IlocienHue NMoka3pIBalOT, YTO MO Mepe Bo3pacTaHus 3P(HEKTUB-
HOro pasmepsoro mapamerpa or 0.01 o 1, orHomeHwe —b,/a, TpaKTHYECKH He
MeHseTcsl, u3MeHeHus B q,(90°) okas3bIBarOTCS HE3HAYMTENbHBIMHU, a a,(180°) Mmens-

CTCA CYIICCTBCHHO. Takum O6p330M, MOXXHO OXKHNIaTb, 4YTO.

® BKJAJbl JBYX TPACGKTOPHUH paccesHHs, MOKa3aHHbIX Ha puc. 8.11, B yaenbHyIO
MHTEHCUBHOCThH OTPAKEHHOTO CBETA OCTAIOTCSI MPUMEPHO MOCTOSHHBIMU;

® BKJAJ MEPBOro MOpsAJIKa paccesHus, COOTBETCTBYIOMUK (ha30BbIM yriam ~90°,
0CTaeTCs MPUMEPHO MOCTOSTHHBIM;

® BKJIAJ MEPBOro MOPSJIKA pacCcestHUs, COOTBETCTBYIOMIMI (pa3zoBeiM yriam ~0°,

CYILIECTBEHHO yObIBaeT.

[TockonpKy JOKanmpHAs MEPEOIECHKA OKA3bIBACTCS MAaKCUMANbHON MpH yriax ¢asbl
~90°, OHa IOJKHA OCTaBaThCS MPHUMEPHO MOCTOSHHOM, YTO M HAOJIIOJAeTCs Ha pUC.
8.12. C npyroii CTOpOHBI, CYyIIECTBEHHOE YMEHbIIEHUE BKJIaJa OJHOKPATHOIO pacces-
Hus B popmyse (8.13) J0KHO MPUBOJIUTH K POCTY MPOLIEHTHON OMIMOKU mpu ¢a3o-
BBIX yIUIax, OnmM3kux K 0°, 1, TakuM 00pa3oM, K BO3PACTAHMIO JOKAIbHOW HETOOLIEHKH.
OT0 0OBSICHIET MOBEJECHUE TOUEUHBIX KPUBBIX HA BEPXHUX YETHIPEX AUArpaMMax puc.
8.12.

JUia aHanu3a BIMAHHUS HECPEPHUUYHOCTH YACTULl HA BEKTOPHBIE—CKAJIAPHBIE
pas3nuuus B YAECIbHOW MHTEHCHUBHOCTH OTPA)XEHHOTO CBETa, Mbl MPHUBOJMM Ha PUC.
8.15 m 8.16 pe3ynbrarhl pacyeToB IS XaOTUYECKH OPHEHTUPOBAHHBIX, IMOJIWJIHAC-
MEPCHBIX CIUIFOCHYTHIX CPEPOUIOB C TeM ke Mokazaresnem mnpenomieHus (1.33) u c
OTHOILIEHHEM OO0JIbIIEH MOJyOCH K MEHbIIEH, paBHbIM 2. Pasmep cdeponioB 3amaercs

paguycom chepruyecKoi YaCTUIIbl, UMEIOIICH Ty K€ MJI0IIalb MOBEPXHOCTH.



14 T T T T T T T 14 T T T T T T T

log,, T log,, T

Puc. 8.15. MakcumanbHas nepeotienka ™ (7 ) (B %, CILUIONIHbIE KPUBBIE)
¥ MakcuMmaibHas Henoouenka & (7) (B %, TouedHble KPHBBIE) Kak
¢yskiuy ontuueckoit Tommmebl 7 a8 XaOTUYECKH OPUEHTHPOBAHHBIX,
OJUAMCIIEPCHBIX CIUTIOCHYTHIX cPeponioB ¢ 3PPEKTUBHBIMU pa3MEPHBIMU
napamerpamu, MeHsomumucs ot 0.01 go 1.4.

229



230

9 T T T T T T T ] 9¢ T T T T T T T ]
SE xer=2 7 7% xer=3 E
T B 7T E
6 1 6L —f
5 E 4 sk 3
sE SN0 T 1 4t ]
30 1 3F —f
2 | ER ]
1B 1 b E
ot . | 1 | 1 | 1 ] 0E ]
-2 -1 0 1 2 -2 -1 0 1 2
9 | ' | ' | ] 9 | ' | ' | I
ST xer=4 7% xer=5 E
T . T -
6 1 6F =
5 1 st =
4t = 3
3E 1 3F —f
26 1 2F 3
VR e e - e ]
0 ezt . 0 B e ]
— -1 0 1 2 — -1 0 1 2
9 T T T T T T T ] 9 T T T T T T T ]
8;_ Xeff = 10 _ 8;_ Xef = 20 _
T B 7T E
6 1 6L —f
5E 1 s ]
4 F 1 4f ]
30 1 3t ]
2 b 1 2F —f
1 1 1F —f
b . ] N e b . :
— -1 0 1 2 — -1 0 1 2

Puc. 8.16. To xe, uro Ha puc. 8.15, HO 17151 3P PEKTUBHBIX pa3MepHBIX Mapa-
METPOB, MEHsOIUXCs oT 2 110 20.

CpaBHenue puc. 8.14 u 8.17 mokaspIBaeT, 4To 00JIACTh PAIEEBCKOT0 PaCCesHUS
1 cPEeponIOB C YMEPEHHOH CTENEHbIO HEC()EPUUHOCTH IPOCTUPAETCS JO HECKOJIBKO
OOJBIIMX Pa3MEPHBIX MApaMETPOB, YEM JJISl «IKBUBAJIEHTHBIX» CHEPUUECKUX YACTHUL.

DTO CBOMCTBO HeCPEPUUECKUX YACTHUIl XOpolio u3BecTHo [169]. B coorBeTcTBUM C
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Wuaukarpucel paccesuus a,(0) u ornomenus —b(0)/a(O) kax
byHKIIMM yraa paccessHus @ s XaOTWYECKH OPUEHTHPOBAHHBIX, MOJTHIUCIEPC-
HBIX CIUTIOCHYTHIX CPepousoB ¢ 3PHEKTUBHBIMU Pa3MEPHBIMH MapaMeTpamu, Me-
marommumucs ot 0.01 mo 20.
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ATUM, BEKTOPHBIC—CKAIIPHBIC paznuyus 1 cpepounos (puc. 8.15 u 8.16) craHoBsTCS
MaKCUMAJIbHBIMU TIpU X,; ~ 1.2, a He IpH X =~ 1, U CTAHOBATCA IPEHEOPEIKUMO
MaJIBIMU IPU X = 5, a HEe OpU X, = 3. DT 3PPeKTsl HECHPEPHUUHOCTH KaKyTCs
BECbMA HE3HAUYHUTEIbHBIMHU.

Opnako cATyanus MOXKET OKAa3aThCsA COBEPLICHHO OTJIMYHOM Ul CUJIBHO CILIIO-
CHYTBIX WJIM CHJIBHO BBITSIHYTBIX HEC()EPUUECKUX YACTHII, OCKOJIBKY B 3TOM Cllydae
00JaCTh PAJIEEBCKOT0 PACCESTHUS MOXET MPOCTUPATHCA 10 3HAYUTEIBHO OOJBIIMX

pasMepHbIx mapametpoB [143, 186, 287, 288]. Wmnmtoctpanuenn ciyxut puc. 8.18,

100?T T T T [ T T T T T [ T T T T x: 100
10 5 50
[ ] §
s e EREE
i ] |5
01 e . —50F x=12 -
0.0l 1 1 1 1 1 l 1 1 1 1 1 l 1 1 1 1 1 _1()0?1 1 1 1 1 l 1 1 1 1 1 l 1 1 1 1 lA
0 60 120 180 0 60 120 180

VYron paccesiHus (rpan) VYron paccestaus (rpam)

Puc. 8.18. Wupmukarpucsl paccestuust a,(©) u otHowenuss —b,(0)/a,(0) xak
byHKIMM yriaa paccessHUs O O XaOTHUYECKHM OPUEHTUPOBAHHBIX CIUIFOCHYTHIX
cheponioB ¢ oOTHOLIEHUEM oceil 20 U pa3MepHbIMU NTapaMmeTpamu 6 u 12.

KOTOPBIii TIOKa3bIBAET MHIUKATPUCH! PACCESHUS M OTHOLICHUS — b, /a, 1S XaOTUYECKH
OpPUMEHTHUPOBAHHBIX CIUIIOCHYTHIX CHEpPOUJIOB C OTHOIIEHHEM oceil 20, mokazaTesnem
npenomiiens 1.31 u pasmepubiMu napamerpamu 6 m 12. Kak u npexne, pasmep
chepousioB 3amaeTcsi paguycoM cPepruueckod 4YacTUIlbl, UMEIOUIEH Ty K€ TUIONIAh
noBepxXHOCTH. PucyHok 8.19 nmoka3piBaeT, 4TO COOTBETCTBYIOLINE BEKTOPHBIE—CKAIIAP-
HBI€ PA3JIU4YUs B YJI€JIbHON MHTEHCUBHOCTU OTPAXKEHHOT'O CBETA OCTAIOTCS 3HAUUTEIb-

HBIMH J1aKe ISl pa3MEPHBIX MapaMeTpoB, 00ibImuX 12.
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Puc. 8.19. Makcumansnas nepeonenka &"*(7) (B %, CIUIONIHBIE KPHBBIE) M
MakcuMasibHas HenooneHka &"*(T) (B %, TodedHble KpHUBbIE) KaK (DYHKIUH
onTUYeckoil Tommunsl T I8 XaOTHYECKM OPHEHTHPOBAHHBIX CILTIOCHYTHIX ce-
POUIOB C OTHOLIEHHEM ocell 20 1 pa3MepHBIMU apameTpamu 6 u 12.

8.3. OcHoBHBIE pe3yabTAThI

B »T0li T1aBe MbI BBIIIOJIHHUIN I[CTB.JILHBI?I CHCTEMHBIN aHaJInu3 ONINOOK CKaJAp-
HOI'O HpI/I6HI/I)K€HI/ISI AJIA TNIOCKOIIAPAJIIICIIBHBIX paCCCUBAOIINX CJIIOCB U CACIIAIN CJIC-

JyIOIMEe OCHOBHBIE BbIBOJIBI [ 170, 202]:

1. OmmOku CKaISIpHOTO MPHUOIMKEHUS B CITydae paccestHus 1o 3akoHy Pames moryt
nocturath 12% mnpu onTUYEcKOW TOJIIMHE CJIOS MOopsAaKa eauHulbl. Omuoku
YMEHBIIAIOTCS C POCTOM allbOeN0 MOJCTHIIAIONICH MOBEPXHOCTH U C yMCHBIIIE-
HUEM ab0e10 OJHOKPATHOTO PACCESTHHSL.

2. OmmOKH CKaIsIpHOTO MPHUOMMKEHHUS B CIy4dae PACCESTHHS TOJHIACTIEPCHBIMU
chepruuecKuMU YacTullaMu MakcuMainbHbl (R 12%) npu 3¢ deKTUBHBIX pa3zmep-
HBIX MapaMeTpax 4acTull, Onm3Kkux K eauHuie. C pocToM pasMepa 4acTHII OIIUO-
KA OBICTPO YMEHBILAIOTCS M CTAHOBATCS HecyllecTBeHHbIMU (S1%) mpu a¢-
(EeKTUBHBIX pa3MEpHBIX MapameTpax, nmpeBocxoasammx 3. Crnadas HechepruIHOCTD
YacTUIl MaJ0 BIMSET HA O3TH PE3YyJbTaThl, XOTS W MOXET TPUBOAHWTH K

YBCINMYCHHUIO ITOPOIrOBOI0 pasMCpHOro IapamMeTpa, Ha4YhuHasd C KOTOPOTo OIMOKHU
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CKQJIIPHOTO MPUOTIMNKEHUS CTAHOBSTCS MPEHEOPEIKUMO MATIBIMHU.

s HecepUyecKuX 4YacTHUI[ C OYEHb OOJBIIUM OTHOIIEHUEM MAaKCUMAJIbHOTO
pa3Mepa K MUHUMAJIbHOMY, IOPOTOBBIM pa3MEpPHBIN MapaMeTp, Ha4MHAasl ¢ KOTO-
poro OmMOKH CKaJSPHOTO MPHUOIMKEHUSI CTAHOBATCS HE3HAYUTEIbHBIMU, MOXKET
IpeBbIaTh 12.

OCHOBHOI NPUYMHON OMIMOOK CKAIAPHOTO HPUOIMKEHUS SIBISIETCS PAJICEBCKUN
THII YIJI0BOM 3aBUCHMOCTH OTHOWIeHUs — b (0)/a,(0) ¢ makcuMyMoM, IpHUOIH-

karomuMcs kK 100% B o6mactu @ =90°.
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I'/TABA 9

CJIABASA JIOKAJIM3ALIUA B IIVIOCKOITAPAJVIEJBHBIX IMCITEPCHBIX
CPEIAX: TEOPUA U ACTPOPUSUYECKUE INPUJITOKEHUA

Kak mbl Buzenu B pasnene 6.2, HE NpPEICTaBIsSE€T 0COOOro Tpyaa MOJIYYHTh
oOlIMe aHATUTUYECKUE BBIPAXKEHUS s IUKIMYECKOr0 KOMIIOHEHTa TeH30pa Kore-
PEHTHOCTH M UUKIMYECKOTO KOMIIOHEHTa YIEJIBbHOIO0 TEH30pa KorepeHTHocTH. K
CO’KaJICHUIO, UCIIOJIb30BAHUE ITUX BBIPAKEHUH JJI MPAKTUYECKUX PACUETOB BbI3BIBAET
0OJbIINE TEXHUYECKUE TPYIHOCTH, KOTOPHIE 10 CHUX IOpP €UI€ MOJHOCTHhIO HE IMpeo-
noneHbl. CylmIecTBYIOT, OJHAKO, /IBa CTPOTMX YACTHBIX pPe3yJibTaTa TEOopuu ciadoit
JOKaNM3aluy B IUIOCKONAPAJJIENbHBIX Cpefax, KOTOpbIE YK€ MOJIYUYWIA HMIHMPOKOE
npuMeHeHue. KpaTkoMy HU3JI0KEHUIO 3TUX PE3yIbTaTOB U UX CIEICTBHM U MOCBALIEHA

HaCTOsIas rjiaBa.

9.1. OcHOBHBIC MOHATHUHA

PaccMoTpuM OTpakeHHE IUIOCKON 3JIEKTPOMArHUTHOW BOJHBI WJIM TTapajlieiihb-
HOTO KBa3MMOHOXPOMATHYECKOTO TMy4yKa CBETa IJIOCKOMApauIeIbHBIM CIIOEM paspe-
YKEHHOU ciydaitHoU nucnepcHou cpenbl (cMm. puc. 9.1). KomnmuMupoBaHHbIid 1€TEKTOP
AIEKTPOMArHUTHOW SHEPTHHM HAXOIUTCA B yAAJIEHHON TOYKE HAOIIOICHHUS, yIOBJIET-
Bopsitolieit ycnoBuio (6.10), 1 ckaHUpyeT JOCTATOYHO y3KUM Juara3oH HampaBiIeHUN
OTpaXKeHHs N, KOTOPbIH BKIIOYACT HANpaBJICHHE TOYHO Ha3al, AaBaeMoe n = —n, B
COOTBETCTBHHM C oOcCyxaeHuem 3¢dekra cradoil JIoKamu3anmuu B TJaBax S5 u 6,

pPacCMOTPUM CJEAYIOIIME TPU YACTHBIX CIyYas:

® HaHpaBHCHI/IC OTPAKCHUA n HaXOJUTCA CPABHUTCIIbHO JAJICKO OT HAIIPpABJICHHUA
TOYHO Ha3an. Torz:a HUKINYECKUM KOMIIOHCHT YACIBHOT'O TCH30pa KOI'c-
PCHTHOCTH CBOAUTCA K HYJIIO, TaK YTO IIOKA3aHHUC JACTCKTOpa IIOJIHOCTBIO

onpeacisicTCa MCEIJICHHO MCHAIOIMUMCH I[I/I(i)(i)YSHBIM YACIBbHBIM TCH30POM
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Touka HaOMIOAEHUSA

Puc. 9.1. Paccesnue mIockou 31€KTPOMarHUTHOM BOJIHBI MJIW MapaJIEIBHOTO

KBa3UMOHOXPOMAaTHYECKOTO ITy4YKa CBETA IUIOCKOINAPAJUICIBHBIM CI0EM pa3pe-
YKEHHOU CIIy4alHOW AUCTIEPCHOU CPEIIBI.
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KorepeHTHocTH X' (N) =~ X (—n,). DTO O0O3HAa4aeT, YTO MOKa3aHUE JETEKTOpa

MO>XHO KOJIMYECTBEHHO OMHCAaTh B TepMUHAX AU(PGY3HON MaTPUIBI OTPAKCHUS

RY(4Z, i) m nuddysnoro ynensHoro Bektopa Crokca (-, ¢, + 1),

MOJIYYEHHBIX B PE3yJIbTaTe PEUICHUs YpaBHEHUS niepeHoca (Tasa 7):

Rdiff(lao 1&0) = R(laa :&O) ~ R(:&ga 1['20)7 (91)

T diff

rae [, obo3HavaeT mapy {u,, ¢, + 7} (cM. puc. 9.2).

(~1,0) = Ly(~1,9) = 1, (~ttg> 9 + 1), 9.2)
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T(_ﬂoa o+ 1)

INdiff(_ﬂOa Qo+ 1)

yI[CJ'II)HaSI HUHTEHCHUBHOCTH
OTPAXKCHHOI'O CBCTAa

0
@Da30BkIi yroi

Puc. 9.2. KorepeHTHOe ycwIeHHNE MHTCHCUBHOCTH B OOpaTHOM
HaIPABJICHHH.

e JleTekTop M3MEpPSET XapaKTEPUCTHUKHU CBETA, OTPAXKECHHOTO B HAMIPABJIEHUU TOYHO
Hazaja. B aTom ciaydae addexT cnadoii Tokan3aluu CTAHOBUTCS MaKCUMaJIbHBIM
U JIOJDKEH OBITh TOJHOCTHIO YYTEH IIyTEM BBIYHMCICHHUS COOTBETCTBYIOIIUX
HoNHBIX Matpunpl  otpaxenus R(ig,f,) ©u yzaenpHoro Bekropa Crokca
T(—,uo, @, +m) (cm. puc. 9.2). Mbl nokaxxeM B CIEAYIOLEM pa3leie, 4TO 3TO

TAKKC MOKHO CACIIaTb HAa OCHOBC PCHICHHA YPABHCHUA IICPCHOCA.

e [lo mepe TOro, Kak JETEKTOP OTKIOHSETCS OT HAMPaBIEHUS TOYHO Ha3al, YPheKT
caboil TIoKamu3auu ociiadeBaeT U MOCTENEHHO Hcue3aeT. TeopeTnyecKuil pac-
YeT YrioBoro mpoduiis orcuera JETEKTOpa B ITOM MEPEXOTHON 30HE (CM. puC.
9.2) mpencrapiseT OYeHb CIOXKHYIO 3a/1auy, KOTopasi Obljia CTPOTo PelieHa TOJb-
KO B CiIy4ae MOJTyOeCKOHEYHOT0 HEMOIJIOMIAIOIEro CJI0s, COCTOSILEro U3 pasie-

€BCKHUX pacceuBarteneil. Mbl pacCMOTPUM CIIEICTBHS 3TOTO PEILICHUS B pa3felie

9.3.

9.2. HanpagjieHHe TOYHO HA3a/l

B cootBerctBHM ¢ hopmyIioit (6.9), 3anuiieM MOJHYI0 MaTPUILy OTPAKEHUS Kak

cymmy audPy3HOTO U MUKINIECKOT0 KOMITIOHEHTOB,



238
R(laa /&0) = Rdiff(ﬁ, /&0) + Rc(laa :&0) = R(/&a :&0) + Rc(laa 1&0)9 (93)

U pasznioxuM AU Qy3HbIH KOMIOHEHT Ha BKJIAJl IEPBOTO MOPSAKA paccestHUs (MHIIEKC

1) u cymmapHbIii BKJIaJl BTOPOTo U 00Jiee BHICOKUX MOPSAKOB paccesiHus (MHaexc M):

R(& A) = R &) + RV, ). (9.4)

Takum o6pazom,
R(,LA‘, :&0) = Rl(ﬁa :[‘0) + RM(ﬁa :&o) + RC(,&: :[‘0)’ 9.5)

1, ~ ~ M/~ ~ (V)
npuueM kak R (a4, i1,), Tak u R (4, [t,) MOTYT OBITh JIETKO HaWJEHBI M3 PEIICHUS
ypaBHEHUS MepeHoca. AHAJIOTMYHO, MOJIHBIA yAenbHbIN BekTop CTOKCa UMEET cieny-

FOILNI BU:

1) = S RG il = 1) + TR + 19, (9.6)
e |0 — BekTOp CTOKCA MaJaromIero U3Iy4eHus u

1) + V(=) = T,(-). 9.7)

OauH M3 HEMHOTHUX CTPOTMX PE3YJbTATOB TEOPUHU CIabON JOKaIu3auuud Obul
MOJIyYeH MyTEeM MPUMEHEHUs COOTHOIIeHUs B3auMHOCTH (1.15) K BbIpakeHUsAM IS
TG y3HOro M IUKIMYECKOTO KOMIIOHEHTOB YAEJIBbHOIO TEH30pa KOIE€PEHTHOCTH,
OTBEUAIOIIMM HAMNPABICHUIO OTpa)k€HHWs TOYHO Hazap [135, 141]. Urorom sBUIOCH
UCKIIIOUNUTEIBHOE IO CBOEW MPOCTOTE COOTHOUIEHUE MEXKIY COOTBETCTBYIOIIMMHU

M, A7 A Corrnr A~
marpunamu R ™ (i, 1,) 1 R™(4g, fi,). B 4acTHOM ciydae MaKpOCKOITMYECKH H30-
TPOITHOW M 3€pPKajJIbHO CUMMETPUYHOM AUCIEPCHOM CPEeAbl 3TO COOTHOLIEHUE HUMEET

BHJ]
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Ry, RY 0 0
RY RS, 0 0
0 0 R RY
0 0 _Rx Ri_

RC

: (9.8)

rme

Ri(fig, ity) = STRV (s fy) + R5(fig, ity) — Riz(fig i) + Riy(fig» )], (9.9)
Rgz(,[‘gs /}o) = %[R?/ll(ﬂouuo) + Rzz luoa:uo) + R33 :[‘ga /:‘0) R44 /ft{f, /:‘o)]s (9.10)
R%(ﬁg: 1&0) = 2 [ R (ﬂOnaO) + R%(ﬁ{)ﬁ 1&0) + R;\g(ﬁgs :&0) + Rn(ﬁga 1&0)]’ (91 1)

R, ) = IR, i) - RACEE, ) + RUGE ) + RAGL A)). (9.12)

[IpakTnyeckyr0 Ba)XHOCTb 3TOr0 Pe3yJbTara TPYAHO MEPEOUECHUTH. J|elCTBUTEIBHO,
OH TOKa3bIBAET, UTO XOTSI YPAaBHEHHUE MEepeHOca ObLIO MOJIYUYEHO IMyTeM OTOpachIBaHUS
BCEX IHUKJIMYECKUX AUarpaMm, Bce HaOJIOJaeMble XapaKTEepUCTUKH 3¢ dekTa crnadboi
JIOKaJu3allui B HANpPaBJICHUU OTPAKEHHS TOYHO Ha3ajJ MOTYT ObITh HaWJIEHBI MyTEeM
pelIeHus ypaBHEHHsI iepeHoca. boree Toro, 370 MOXKHO CI€aTh, ONUCHIBAsl paccerBa-
IOIYIO0 CPEeAY B TEPMUHAX PEAbHBIX (PU3MUECKUX MAapaMeTPOB, TAKUX KaK ONTUYECKas
TOJILLIMHA CPENIbl U pa3mep, (hopma U nmokazaTeinb NPeJOMIICHUS YaCTHUL.

PaccmoTtpum Heckosibko TpuMepoB mnpumeHeHus ¢opmyi (9.1)—(9.12). Ecnu
MaJaloIINi CBET HEMOJISIPU30BaH, TO, KAaK HETPYAHO BUJETh, yACJIbHAs HHTCHCHUB-
HOCTbh CBETa, OTPAKEHHOTO B HAMPABJICHUU TOYHO HA3aJl, MOXKET OBITh MpeACTaBlIcHa

CIICAYIOIIUM BBIPAKCHHUCM:

- 1 o
I (—p, 0y + ) = ;ﬂoRn(ﬂosﬂo)]O

1 o A o
= ;uo[Rh(uo,/xo) + RN, ) + R4, 41,

1 Az A Ar A
= ;/‘o{R 1(:“0»:”0)"'R (ﬂo»ﬂo)+ [R (495 )

+ R(5, flo) — Ra(fig, i) + Rg(fg, @), (9.13)



240

rne /, — MHTEHCUBHOCTH Najarolero ceeta. B To sxe Bpems auddy3Hblil GoH onuckl-

BaeTcCs BhIpakeHUEM (CM. puc. 9.2)

. 1 - -
Idff(_:uo: @y + ) = ;ﬂo[Ril(ﬂOaﬂo) + Rivl[(:uo:ﬂo)]lo- (9.14)

Tenepb MOXHO OINpEACIUTh TaK Ha3bIBAEMBIN (PAKTOP YCUJICHUSI OTPAKEHHOU CHeIH-

(dbuyeckoit MHTEHCUBHOCTH 3a cyeT 3¢dekTa cinadoit Jokanuzaiuu, pazaenus (9.13) Ha

(9.14):

7 1 M 1 M M M M
1 _ Rll + Rll + E(Rll + Rzz _R33 + R44

C = =
i R} + R)

M M M M
+ Rll + Rzz B R33 + R44

-1 ,
2(R,, + R}

(9.15)
IJI€ YIJIOBbIE ApTYMEHTHI ISl KPATKOCTH OMYIIEHBI.

WNurtepecHo, uto dopmyna mans gakropa yCUJIIEHHUS B Cllydae HEMOJISPU30BaH-
HOTO MAaJaloIIer0 CBeTa BKJIIOYAET B ce0S BCE JMArOHAJIbHBIE DJIEMEHTHl MATPHIIbI

M/~ A
orpaxenus R (i, it,), a He Tombko anmeMeHT (1,1). B 3ToM 3akimovaeTcs KopeHHOE
oTiinuue cTporoit popmyisl (9.15) or aHamOru4HOM (GOPMYJIBI B CKAISIPHOM MpUOIIH-
KEHUU:
R' + 2RM

(= R (9.16)

rie R' u R™ — coorBercTByIomue ckanspHble KodhpOHUIUEHTH OTpaxkenus. B padote
[163] ObUIO MOKAa3aHO HAa OCHOBE YHUCJIEHHO-TOYHBIX PELIEHUH BEKTOPHOIO U
CKAJISIPHOTO YpaBHEHUU mepeHoca, uto popmyna (9.16) MoxkeT NpUBOJUTH K CYIIECT-
BEHHBIM OIIMOKaM, KOTOPbIE 3HAYUTEIBHO MPEBBIIIAIOT OMIMOKH CKaJISPHOTO MPUOIIH-
’KEHHsI, PACCMOTPEHHBIE B IJ1aBe §.

[Ipenmonoxum Tenepb, 4TO NAJAIOIINN CBET JIMHEMHO NOJISIPU30BAaH B BEPTH-
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KaJbHOM mockocTw, Tak 4o |, = [1, 1, 0 0]'. Bepruxansno (v) u ropusonTansHo (h)
MOJISIPU30BAHHBIE KOMIIOHEHTHI Y/EJIIbHOM WHTEHCUBHOCTU CBETa, OTPAXKEHHOIO B

HAIpPaBJICHUU TOYHO Ha3al, JalTcs (opMyIaMu

) (9.17)

). (9.18)

(@Y

fvz (7+

=

l

(@Y

(I -

~N
=
[l
=

[ToaToMy cooTBeTCTByIOIIHE (DAKTOPHI YCUJICHUS MOXHO OIPEIACIHUTH CIICTYIOITIM

obOpazom:
ro- NINV _ R, + R, + 2R + 4R + 2R
A Ry, + R, + R +2RY + R
R! + R!
=2 R! + R! +“’RM +2;’RM +RM’ (©-19)
11 22 11 12 22
_ Ih _R}I—R22+RX—R;§—R¥+RX 920
Chv T Fdiff 1 1 M M : ( : )
]h Rn - Rzz + Rll - Rzz

ITone3no Takxke OIMpCACINTbL COOTBCTCTBYIOIICC IMOJAPU3ATMOHHOC OTHOIMICHUEC U €TI0

«auddy3HbIi» ananor (cp. Gopmyny (5.6)):

1 1 M M M M
_ Ru B Rzz + Ru B Rzz B R33 + R44

h
u = o= , (9.21)
T Ry, + Ry, + 2R +4RY + 2R Y
diff _ Ihdiff Ril _ Rlﬂ + Rivl[ _ R;\g (9.22)

Ho = Far = i 1 M M M
I° R, +R,+R | +2R,+R

[IpeanonoxkuM, HAKOHEL, YTO MaJAlOIIUN CBET MOJIIPU30BaH MO KPYry IPOTUB
4acoBOH CTPEIKH, €CIM CMOTPETh B HAIPAaBICHUM pACIPOCTPAaHEHUsS, TaK 4YTO
I, =1, 0 0 1,]". Bcnomuum (cM. paszen 5.3), 4o sh 1 Oh KOMIIOHEHTBI OTPaXKEHHOTO

cBeTa JaroTcs hopMmyIamMu

I, =41+, (9.23)

N [—
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I,=1T-7). (9.24)

CootBerctBytomue hp (helicity-preserving) u oh (akTopbl yCUICHHS ONMpPenestoTCs
dbopmynamu
R, + R, + 2R + 2R

= -0 = , 9.25
o 14 R, + R, + R + R, (9-25)

1 1 M M M M
C _ [oh _ Rll - R44 + Rn + Rzz - Rss B R44
oh = ¥ .

— = 9.26
T R}, - R}, + R} - R 020

B cBoro odepenb, COOTBETCTBYIOIIEE MOJISPU3ALMOHHOE OTHOIIEHHE (CM. (opMyITy

(5.7)), u ero nuddy3HbIN aHANOT TaIOTCS BRIPAXKEHUSIMU

I, R, + R, + 2R + 2R,

He = = = R _ R RM L RM _RM _RM° (9.27)
I, 1 TR TRy 33 44

. " R+ Ry, + R+ RY (9.28)

T OTFdiff 1 1 M M *
Ioh Rll - R44 + Rll - fR44

B cootserctun ¢ [88], marpuusl R'(f, 4,) m R (i, fi,) oTHOCATCS K Kiaccy
TaK Ha3bIBAGMBIX CYMM YHCTBIX Marpuil Mroyiepa. [103TOMy OHHM YJIOBICTBOPSIOT
OIpeIeICHHOMY HabOpy HEpPaBEHCTB, KOTOPbIE MOXKHO HCIIOJIb30BaTh JJIS BBIBOJA
OOIIMMX HEPaBEHCTB JUIA (AaKTOPOB YCHIICHHS W TOJSIPU3AIMOHHBIX OTHOIICHUH.

Oxa3pIBacTCs, B YACTHOCTH, UTO

0<¢, <2, (9.29)
1<¢, <2, (9.30)
0<(, <2, (9.31)
1<¢, <2, (9.32)
0<(, <2, (9.33)
1 >0, (9.34)

18 > 0, (9.35)
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1 =0, (9.36)

e} (9.37)

HNHTepecHO, 4TO HU OJIHO U3 3TUX HEPABEHCTB HE TpeOyeT, yTOObI (PaKTOPbHI YCUICHUS
¢,, ¢, m (, Bceraa NpPeBOCXOMWIM €IUHMLY. JpyruMu cIOBaMu, OHU He
HCKJIFOYAIOT BO3MOXKHOCTH TOTO, UTO d(PeKT cnadoil JoKamu3aiuyu MOKET TPUBOIUTh
K MOJABJIEHUIO, & HE K YCUJIEHUIO COOTBETCTBYIOUIMX KOMIIOHEHTOB CBETa, OTPAXKEH-
HOT'O B HallpaBJI€HUU TOYHO HA3a/.

[Ipeanonoxxum Tenepb, 4YTO pacCEUBAIOIINE YACTUILIBI SBISIOTCA HEC(HEpUUECKU-

MH, TaK 4TO

Rlzz(/[‘g» /:‘0) * Ril(ﬁgﬁ /}0) u Rim(/&ga /[‘0) s _R}I(:&g’ /20)- (9.38)

M/~ A
[NonsitHO, uTO B Mpenene @ — 0 marpuna R ™ (i, [t,), 00yclOBIEHHAas MHOTOKpAT-
HBIM pacCesSHHUEM CBETa, JOJKHA yObIBaTh ObICTpEE BKJIAJa OJHOKPATHOTO PACCESHHUS

R'(4g, it,). YUuTBIBas, UTO

R, i) = T exg;_m “IE (), (9.39)

MOJKHO ITIOKa3aTb, YTO UMCHOT MCCTO CICAYIOIIHC IIPOCTBIC ACUMIITOTUYCCKHUC COOTHO-

HICHUS:
lim ¢, = lim ¢, = lim ¢, = lim ¢, = lim ¢, = 1, (9.40)
lim g = lim g™ =, (9.41)
lim pe = lim ud" = o, (9.42)

rne o, U 0. — (hakTophl JEMONSIPU3ALUHN OJHOKPATHO PACCESHHOIO CBETA, OIpeje-
nennble Gopmynamu (4.8) u (4.9).
B npenene u, - 0 marpuna nup@dy3Horo orpaxeHus TakKe CBOAUTCS K MaTpH-

11€, OIMCHIBAIOIIEH BKJIAJl IEPBOIrO MOPSJIKA PACCESTHUSA:



Ko R(/&ga /:‘0)‘#0 o

rac

R (A5, itg)|

Ho

= R A,

@ F(x)

1, — 0 8

(cm. popmyiy (9.39)). Benenctsue atoro,

=0

lim g, = lim g

1o— 0 ty—0

lim p. = lim g

ty— 0 ty—0

lim ¢, = ,}ILno o

diff _ s
= J,,

diff _ s
= I

Haxonen, B mpenene Hyae€BOM ONTUYECKON TOJIIUHBI

R(Z5, 4],

rae

R, )|, =

RY (@5, o),

a7 =
4u; P

Taxum o6paszom, R (47, fi,) Mcue3aer, ¥ Mbl IOJTy4aeM

lim {, = lim0 -

T -0

lim g, = lim u'™ = 6,

T 50 T 50

lim g, = lim ud™ = 6.

T >0 T >0

= lm¢, = 1lim¢ = lim¢, =1
ty— 0 ty—0 Ho—0

T—)OChV T—)OChp T—)OCOh

1,

244
(9.43)

(9.44)

(9.45)
(9.46)

(9.47)

(9.48)

(9.49)

(9.50)
(9.51)

(9.52)

duznyeckas HHTCPpIPCTAlNA BBIIICIIPUBCACHHBIX dACUMIITOTUYCCKUX COOTHOIIC-

HUi1 OueHb MpocTa: 060 u3 npenetos @ — 0, u=u, —> 0 wm T — 0 noxapiser

MHOTOKpPaTHOE paccesiHue U, CIeoBaTelIbHO, Jito0oe mposiBiieHue r¢dexra craboit
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JJOKAJIMU3alHm.

B ciyuae cepraecKr CHMMETPHYHBIX YaCTHII
Rlzz(l)g: i) = Rh(/}ga iy) W Rim(/}ga fy) = _Ril(:&g’ﬁo)' (9.53)

[TosTomy dopmyiiel (9.19)—(9.22) and (9.25)—(9.28) npunumaroT 60see TpoCcToi BU:

Rl
- 2|1 - I : 9.54
Cu { 2R, + RY + 2R + RQJ ©-34)

M M M M
_ Rll B Rzz B R33 + R44
M

‘. P (9.55)
11 22
i RY - RY - RY + R, (9.56)
FO2RL + RM 4 2RY + RYY
L = R -R5 (9.57)
L 2RI + RM 4+ 2RM + RY
G = 2, (9.58)
oo 2R}, + RY + R), - RY, - R, (9.59)
0 1 M M ’
2R11 + Rll - R44
- 2(RN + R (9.60)
He = 1 M M M M2 '
21111 + Rll + Rzz - R33 a R44
diff _ R +Ry (9.61)

fe T ORI T RV RN

Teneps (akropel ycunenust ¢, U ¢, He yaoBineTBopstor npenenam (9.40), (9.45) u
(9.50). Kpome Ttoro, dopmynsr (9.41), (9.42), (9.46), (9.47), (9.51) u (9.52) Teneps

3aMCHAIOTCA CIICAYIOIMHUMUA IIPCACIaMU:

lim0 U, = limo u = limo Ue = limo ud™ =0, (9.62)
lim g, = lim ™ = lim g = lim gi™ = 0, (9.63)
=0 ty—0 ty—0 =0

- o aff _ 1 1 diff
}{no’uL B }lino’uL B }1£n0,uc B }{no’uc =0 (9.64)
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[TockonpKy pasieeBCKOE pacCcesiHUE SIBISIETCS MPOCTEUIINM (DU3HUECKU peannsy-
€MBbIM THIIOM DPACCESHHs, OHO CTajO KIACCHUYECKUU MOJEIbI0 B TEOPHH IMEpPEeHOoca U
UCIOJB30BAJIOCH BO MHOTHX MyONMMKanusx [Uis moiydeHus TecToBbix (benchmark)
pe3ynbTaToB. [103TOMY yMeCTHO MPOJOKHUTH ATY TPAAMIIMIO U MPUBECTU UYUCICHHO
TOUYHBIE PE3YJbTAThl sl (PAKTOPOB YCHJICHUS U MOJSPU3AIMOHHBIX OTHOIICHUH IS
OJTHOPOZHBIX HEMOIJIOIAIOIINX CJI0EB, COCTOSIINX U3 PAIICEBCKUX paccenBarenei. 1o

caenado B tabmuue 9.1.

Tabnwmma 9.1
daKkTOpBI YCIWICHUS U TIOJISPU3AIIMOHHBIC OTHOIIICHUS IS IBYX
OJTHOPOJTHBIX JUCIIEPCHBIX CJIOEB, COCTOSIINUX M3 HETIOTIIOMAOITIX

PAJIEEBCKUX paccerBaTesici

T=1 T =

&, 1.465559 1.5368115
- 1.453065 1.7520882
Chy 1.553473 1.1201587
Chp 2 2

Con 1.337506 1.2509893
L 0.142105 0.5166812
Uy 0.151925 0.3303286
i 0.239602 0.6170752
U 0.358281 0.9865395

PesynbraTtel MHOTOUYMCIEHHBIX pacyeToB 1o ¢opmynam (9.15), (9.19)—9.22),
(9.25)—9.28) 1 (9.54)—(9.61) nusa peaIMCTUYHBIX PACCEUBAIOIINX CPEJI, COCTOSIINX U3
MOJIUTUCTIEPCHBIX CPepUuuecKnX M Hec(HEepUUeCKUX YacTHIl, ObLIM OMyOJUKOBAaHBI B
[54, 55, 141, 144, 148, 202]. B xauecTBe npumepa, puc. 9.3—9.5 noka3pIBaloT XapakTe-
PUCTUKU Ca00l JOKaIM3aluyd JUIg TOJyOECKOHEUHBIX JUCIEPCHBIX CJIOEB Kak
(¢yHkuuu 3(p(EKTUBHOrO pa3MEpHOro mapaMerpa C(EepUYecKUX YacTHUILl X, =

278 / A, € [0,30] u moxyns xocuHyca yria nanesust u, €[0,1] mig mabopa 3Haue-
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PaamepHbIn napameTp

PasmepHbIn napameTp

PaamepHbIn napameTp

PasmepHbIn napameTp

PasmepHbIn napameTp

0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1

Ho Ho Ho Mo

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 >

S

Puc. 9.3. ®akrop ycunenus ¢,.

HUl geWictBuTensHOM (M, = 1.2, 1.4, 1.6, 1.8 u 2) u maumont (m, = 0, 0.002, 0.01 u

0.3) uacreil mokazatens npenomieHus. Jlucnepcus pa3MepoB UYacTHULl ONKMCHIBAECTCS
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Puc. 9.4. IlonsApu3ailnOHHOE OTHOLLIEHUE [ .

ramMMma pacnpenenesueM (4.1) ¢ pukcupoBanHoi 3 pexTuBHON aucnepcueit v, = 0.1.

OtmeruMm, 4yTO (PAKTOp yCHIIEHUS (, SIBJIAETCS BEIUYMHOM, MOTEHLUAIBHO U3MEPUMON
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Puc. 9.5. IlonAapu3annoOHHOE OTHOILIEHUE /..

NP TEJIECKOMMYECKUX HAOMIOAeHUSIX 00beKTOB COJIHEUHOM CHCTEMBI C 3€MIIM WJIHU C

KOCMHMYCCKHUX allllapaToB, TOr'Ja KaK OTHOWICHHUA K, W U~ MOI'YT HCIIOCPECACTBCHHO
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U3MEPATHCST TPHU  TOJIAPU3ANMOHHBIX PAaJapHBIX WM JUJAPHBIX JUCTAHITMOHHBIX
HAOIOACHUSIX 3eMHBIX 00beKTOB 1 Ten CollHeuHOU cucTeMbl. JIeTko BUIETh, 4TO BCE
YHCIICHHbIC JaHHbIC, NPEICTaBICHHbIe HA puc. 9.3-9.5, yn0OBIETBOPSIOT Kak OOIINM
HepaBeHcTBaM (9.29), (9.34) u (9.36), Tak U OOIMMM ACUMMTOTHYECKAM COOTHOIIIE-
HusaMm (9.40), (9.62) u (9.63). IlpakTuyeckoe 3HAUYEHUE ITUX PE3YJbTATOB OyJeT

o0cyKnaTbes B pazaene 9.4.

9.3. YruoBas 3aBucMMOCTb 3¢ exTa cj1adoi JoKAIN3AUN

B »TOM pasnmene Mbl BOCHOJB3yeMCSl CTPOTHM pEIIeHHWEM 3aJayu ciaaboi
JOKaNU3aluy, MOJy4YeHHbIM B [27], W NpOaHAIM3UPYEM IMOBEICHUE YACIBbHOU
MHTCHCUBHOCTU M TOJSPHU3AIMH B HEMOCPEACTBEHHON ONM30CTH OT HANpaBICHUS
otpaxeHust TouHo Hazan [193]. [Ipenmonoxum, 9To MOTYOSCKOHEYHBINA CIIOH, COCTOSI-
Ml W3 HENOTIJOIIAIIINX PAJIIEEBCKUX PACCEUBATENEH, OCBEINAETCA HEMOJSIPU30-
BaHHBIM CBETOM, MMAJAIOUIIM MO0 HOPMAJIH K MOBEPXHOCTH Ciosi. PucyHok 9.6 mokasbl-
BaeT COOTBETCTBYOLMI (hakTop ycuneHus (,(q) Kak GyHKIHIO Oe3pa3MepHOro yrio-
BOro mapamerpa g = k,(/)a, rne a — ¢a3osblil yroma, (/) — cpeanss JuimHa cBOOO-

HOTO Hp06era, omnpceacisicMas CoriiaCHO

1 6 T T T T T T T T T T T T T T T T

daxkTop ycUICHUS

Puc. 9.6. VYrnosoii npoduns daxropa ycunenus (.
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=1

My Coy )
1, — KOJIMYECTBO YacTULl B enuHulle oovema, (C, ) ; — CpelIHEe CeYeHUEe SKCTUHKIIMH B
pacuere Ha ofHy 4actuily. [[pyrumu cioBamu, (/) paBHSETCS T€OMETPUYECKON JIITMHE,
COOTBETCTBYIOIIEH €IMHUYHOMY ONTHYECKOMY MYTH.

KpuBas Ha puc. 9.6 1eMOHCTpUPYET 3HAMEHUTHIN KOT€PEHTHBIN MMHK, LIEHTPUPO-
BaHHBIM B HANpaBJICHUU TOYHO Hazad. Ammiuutyna nuka pasHa {,(0) = 1.537 (cp. c
tabnuueit 9.1), a ero nonymupuna (half-width at half-maximum, wniu HWHM) paBna
uwins = Koy, = 0.597 (em. puc. 9.2). Takum 00pa3om, CBA3b MEKIY MOJYLIH-
PUHOM MHKa W CpeaHed IMHON CBOOOJHOrO mpobera B ciydyae KOHCEPBATHBHOTO

PIIICCBCKOI0O paCCCAHUA JAaCTCA COOTHOICHNCM

0597

a N ——
HWHM, !
k[
JUis NMHEWHO NOJISAPU30BAHHOTO MAJAIOLIEr0 M3Iy4YeHHUs MOJIYLIMPHUHA KOre-
PEHTHOTrO MMKa B OTPA)KEHHOM MHTEHCUBHOCTH 3aBHCHUT OT a3UMYTaJIbHBIX YTJIOB Majie-

Hus u oTpaxenus. Hanpumep, ecnu ¢, = 0°, 10O

0.65

o N —
HWHM, vv 9=0° kll ’
0.48
a ~ /.

HWHM,VV (ﬂ:900 kll

Ora a3uMmyTallbHasg acUMMETpPHsl ACUCTBUTENBHO HAOII0Janach B J1AOOPATOPHBIX

skcrepumenTax [271] u OyaeT o0CyKaaThbCsl HUXKE.

CreneHp TMHEWHOW MOJISPU3ALUU OTPAKEHHOTO U3IIYYEHUS B CIIy4ae HEMOISPU-

30BaHHOTO MMAJIAOIIETO U3TYYEHUS AaeTcsi PopMyIIon

_0@) _ _Ry@ +Ri(q) + R5(@)
1(q) Ri(9) + R(q) + Riy(q)
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~ _ R(zjl(Q)
R11(0) + RY(0) + Ri(q)

cnenyromeit uz (9.5) u (9.6), u mokazana Ha puc. 9.7. BumHo, 4TO mMOISApU3AIUs

0 T T T T T T T T T T T T T T T T
< ]
S ]
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Puc. 9.7. Yrnosoii npoduib cTeneHn THHEHHOMN TOISIPU3aIINH.

06pa1uaeTc;1 B HYJIb TOYHO B OIIIIO3WIHNH, HO C YBCIHMYCHHCM ¢ CTAHOBHUTCA
OTpI/IHaTCJIBHOI\/II, 6BICTpO PacCTECT II0 a0COJIFOTHOM BEJIMYMHE H JOCTHUIaCT MHHHMAJIb-

HOTO 3HaueHusa P

min

~—2.765% B HampaBlIEHWU, OYEHb OJIU3KOM K OMIO3ZUIIHNU: gp ~
1.68. TlpoBan (WM «OTPULIATETBHBIM NHUK») B MOJISAPU3AIMM OKAa3bIBAETCS OYEHD
ACUMMETPUYHBIM, TaK YTO MOJIOBMHHOE 3HaueHue —1.383% cHavana gocturaercs npu
yII0BOM napamerpe ¢p; ~ 0.498, KOTOpBIM OKa3bIBaC€TCA [aXX€ MEHBIIUM, YEM
MOJIyNIMPHHA TIMKA B MHTEHCUBHOCTH Gy, =~ 0.597, a 3aTeM npu 3HAYMTENHHO
OobllIeM 3HAYEHUH gp, <~ 7.10. DTO COBEPIIEHHO HEOOBIYHOE MOBEIECHUE MOJISpU3a-
MU BOJIM3M OMMO3UIMU ObUIO BIEPBBIE TEOPETHUYECKHU MPEACKA3AHO JUCCEPTAHTOM
[146] Ha ocHOBe paboThl O3puHa [222] W Ha3BaHO TMOJSPU3ALMOHHBIM OIITIO3UITUOH-
HbIM 3 Pextom (I103).

Cyns no Bcemy, neppoe jabopatopHoe Habmonenue [103 crenyer mpunucarhb
3HAaMEHUTOMY (paHIty3ckomy acTpodusuky JIuo [122], XOTS KOrepeHTHOE MPOUCXO0XK-

neHue 3Toro 3pdexra emy ObLIO, KOHEUHO, HEU3BECTHO. Puc. 9.8 moka3biBaeT pe3yJib-
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-0.4

Crenenb nonspuzanuu (%)
|
o
o0

L
()

dazoBblit yrou (rpam)

Puc. 9.8. PesynbraThl uamepennii Jivo [122].

TaThl €r0 U3MEPEHUM AJISl MOPOIIKOOOPa3HON MOBEPXHOCTH, COCTOAIIEH U3 MHUKPOCKO-
MUYECKUX YacTUI OKUCcHU MarHud. M3mepenus JIno Obuin HETaBHO BOCTIPOU3BEACHHI B
[248], Tak 4TO WX JOCTOBEPHOCTh HE BBI3bIBa€T COMHEHMU. JImo oxapakrepuszoBal
U3MEpPEHHYI0 (Da30BYIO0 3aBHCHMOCTH MOJSPU3AIMM KaK 3arajJouHyl0 M MpUIHCAT ee
OYEHb MAJIOMy pa3Mepy 4dacTul. JIeHCTBUTENBbHBIN pa3Mep YaCTULl B IKCIEPUMEHTAX
JIno He m3mepsuica. bosiee TOro, MUHMMaJIbHOE 3HAYEHHE U3MEPEHHOM MOJISIpU3ALUU
cocraBisieT —1.11%, B oTauumMe OT TEOPETUYECKOIO PUIEEBCKOro 3HaueHus P .= =
—2.765%. Tem He MeHee, caM yriOBOW MPO(HIb U3MEPEHHOM MOJSPU3AINKU COBIA-
JaeT ¢ TEOPETUUYECKUM MOYTH HJEAIBbHO BIUIOTH A0 (ha30BbIX yrioB ~15° (crutomHas
KpHBasi Ha puc. 9.8) U COOTBETCTBYET BIIOJIHE pEaTUCTUYHOMY 3HaueHuIo k (/) ~ 132.

Henonsipu3oBaHHBIN CBET MOKET OBITH MPEACTaBICH KaK CMECh JBYX JMHEHHO
MOJISIPU30BAaHHBIX ITyYKOB CBETAa C OPTOTOHAJIbHBIMHM HANPABICHUSAMH IUIOCKOCTEMN
nonsipuzaiuu. [loatromy nerko Buaeth, uro [10D umeer To xe Pumueckoe Mpouc-
XOKJEHUE, YTO U BBILIE YIOMSIHYTAs a3UMyTaJIbHAsI ACHMMETPHUS TMKA UHTEHCUBHOCTH
B 00paTHOM paccesHUU B CiIydae JUHEHHO MOJSPU30BAHHOIO Majaromero ceera. [lo-
BUIUMOMY, 00a 3¢ dekra 00yClOBICHBI CenU(PUIECKUMU OCOOCHHOCTSIMH PAJICEB-

CKOW MaTpulpl paccesHusi (cM. Takxke [261]) u ucue3aloT ¢ yBeIMYEHUEM pa3Mepa
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yacTtull (Harpumep, [72, 271]).

9.4. AcTpodusnyecKue NPUJIOKeHNs

[oxxamyii, Haubonee «IK30TUUECKHe» MposBieHus dpdexra cnaboi Jokamuza-
UM MOXHO HAaWTH B IJIaHeTHOM acTpodusuke. Kak MbI yxe oTMedanu, MOHOCTa-
TUYECKHE palapbl HCIONB3YIOT OJHY M Ty K€ aHTCHHY IJS HM3JIy4YeHHUS U TMpUeMa
AJIEKTPOMArHUTHBIX BOJIH, Ojaroaaps uemy (a3oBblid yTroJl HAOIIOIECHUSI OKA3bIBACTCS
TOXKJIECTBEHHO paBHBIM HYyJI0. [lo3TomMy crabas okanu3anus HEeM30€)KHO BIUSET Ha
pe3ynbTaThl pajiapHbIX HaOmoaeHui aucnepcHbix cpea. Heckonbko o6bexToB Cor-
HEYHOHM CHCTEMBI MOKA3bIBAIOT BEChMa HEOOBIYHBIE paJJapHbIe XapaKTepUCTUKU, COBEP-
[IEHHO OTJIUYHBIE OT TAKOBBIX JUIsI OOHAKEHHBIX CKadbHBIX mopon [220]. Hanmpumep,
JensHbIe TamuwieeBbl COyTHUKH FOmuTepa MOKa3bIBalOT KaK HEOOBIYHO BBICOKYIO
OTpa’KaTeJIbHYI0 CIIOCOOHOCTb, TaK U MOJSPU3ALUOHHBIE OTHOIIEHUS (., IPEBOC-
XOJIINE €IUWHUIly. OTH HaONIoaTeNbHbIEe pPe3yJabTaThl HAXOJATCS B XOPOIIEM
KOJIMYECTBEHHOM COTJIACUU C TEOPETUYECKHUMH pacueTaMH XapaKTEPUCTUK CIa0oif
JIOKaJIM3allii, OCHOBAaHHBIMU Ha MPEAINOJIOKEHUH, YTO MOBEPXHOCTH ITHX OOBEKTOB
MO>KHO MOJICJIMPOBATh KaK CIlydailHbIe AUCIIEPCHBIE CPEbI (CM., B YACTHOCTH, TJIaBy 5
u puc. 9.5) [144, 148, 161, 203].

[MxypatoB [23-25, 247] m Muinonen [214] nepBsIME BBICKA3aJIA THIIOTE3Y, YTO
ciabasi JIOKajdu3alusi MOXET ObITh OTBETCTBEHHOW 3a JBa omntudeckux 3¢ddexra,
HAOJI0JaeMBIX JIJISl IIUPOKOTO Kilacca 0e3aTMOC(HEPHBIX TeN MPH MabIX yriax ¢a3bl.
K HUM OTHOCSTCS 3HAMEHHUTHIN (POTOMETPUUECKUI OMIMO3UIIMOHHBIN dPPeKT, Halr0-
JIaeMblii, B 4acTHOCTH, W a7 JIyHbl, u mapabonuueckas 1mo (opme OTpUllaTeIbHAS
BeTBb nossipu3zanuu. OgHako Takue ke 3PQPEKThl MOTYT OBITH CIEACTBHEM JPYTHUX
ONTUYECKUX «MEXaHU3MOBY», HAlPUMEpP, MEXaHW3Ma 3aTCHEHHUS WJIH OJHOKPATHOTO
paccessHUs Ha HecepUUECKUX YacTHIaxX peroauTa. bomee Toro, Mbl BUenu BhIIIE, YTO
ciabasi JoKanu3auus NMPUBOIUT K OYEHb Y3KOMYy M acummerpuuHomy 110D, a He k

HIMPOKOW NMapadboIM4eCcKO BETBU OTPULIATEIBHON MOJISPU3aALIUU.
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[ToaTomy B pabotax aucceptanta [146, 164, 165, 201] Obuto BhICKa3aHO oO1IEe
MOJIOKEHUE, COTIIACHO KOTOPOMY HaJlexHOe oOHapykeHue rddexra caaboit Jokanmsa-
e TpeOyeT OJJHOBPEMEHHOTO HAOIOACHUS ABYX WM 00Jiee BO3ZMOKHBIX MPOSBICHHN
9TOro 3¢ ¢eKTa U MPOBEPKH TOTO, YTO PEe3yJIbTaThl HAOMIOACHWN HE MPOTHBOpEYAT
TEOPETUYECCKUM TPECKA3aHUsIM Pa3yMHOTO TUANa30Ha U3MEPSEMBIX TaAPaMeTPOB. DTH

TEOPETHUUECKUE MPEICKa3aHUsI MOKHO C(OPMYIIMPOBATH CIIEIYIOIINM 00pa3oM:

e byayuu pe3ynbTaTOM MHOTOKpPATHOTO paccesiHus, 3pdexT cnaboi ToKaau3aiuu
3HAUUTEIBHO 0OJiee BEPOSATEH MJIsi BHICOKOATHOEIHBIX MOBEPXHOCTEH, YEM IS
TaKUX HU3KOATbOEIHBIX 00BEKTOB Kak JIyHa.

e HeszaBucumo oT pazMepa 4acTHIl 0 OTHOIIEHUIO K JJIMHE BOJIHBI CBETa, ciadas
JIOKANIHU3alusl TPUBOJUT K Y3KOMY MUKY MHTEHCUBHOCTH, LICHTPUPOBAHHOMY Ha
HylneBoM yrie ¢as3pl. HaOnromaemple mMpuHAa M aMmIUIMTYyJa TUKA W UX
CHEKTPAIbHBIA XOJ1 IOJKHBI HAXOUTHCS B Pa3yMHOM COTIJIACHU C PE3YJIbTaTaMU
TEOPETUYECKHUX PACUETOB ISl 0XKUAAEMOT0 JUaNa3oHa MIIOTHOCTEH YMaKOBKHU U
pa3MepoB U IMoKazaTeaen nmpejomiieHus yactull perojurta [142, 144, 148, 202,
203].

e [lockonbKy MafaroNIMil COJHEYHBIM CBET MPaKTUYECKU HEMOJSPU30BaH, Kore-
PEHTHBIN MUK B MHTEHCUBHOCTH JOJKEH corpoBoxaaTees [103 npu ycnosuw,
YTO 3HAYUTENbHAS 4YacTh MOBEPXHOCTH HAOIIOAAeMOro OOBEKTa MOKphITa
YacTUIIAMHM C pa3MepaMM, MEHBIIMMHU JUITMHBI BOJHBI CBETA. YTIJIOBas LIMPHUHA

1105 JOJIDKHA OBITH COIIOCTaBHUMaA C HOJIYIIIHpPIHOfI ITMKa B MHTCHCHUBHOCTH.

XOTs 3TU TeOpeTUIYeCcKre MpeCKa3aHns HAMEPEHHO C(HOPMYITHPOBAHBI B 1OCTA-
TOYHO pACIIBIBUATOM BHUJE, MX IPOBEpPKa IJs pealbHbIX 00beKTOB CONHEHYHOMN
CUCTEMBI IIPEICTABIIACT UCKIIOYUTENBHO CIOXKHYIO 3a7a4y. Bo MHOrux ciydasx rias-
HOM TPUYMHOM SIBISETCS OTCYTCTBUE [IE€TAJBbHBIX CHEKTPAIbHBIX HAOMIOACHUN C
BBICOKMM YTJIOBBIM pa3pelleHrneM Ha JOCTaTOYHO MajblX yriax ¢asbl. Tem He MeHee,
HAKOIJIEHHBIM 00BEM BBICOKOKAYECTBEHHBIX aCTPOHOMHYECKHX HaOmoaeHuu [17, 29,

41, 60, 67, 68, 73, 82, 83, 96, 233-237, 258] 103BOJISET BBIACIUTH KJIACC BBICOKOATb-



256

O6enupix OezaTMocdepHbIx Ted CONHEYHOW CHCTEMBI C YHMKAJIbHBIMH OIIO3ULIMOH-
HBIMH XapakTepucTukamu. B 3ToT kiacc Bxoast acrepouasl E tuna 44 Huza u 64
Amnrenuna, cnytHuku iadHeT Mo, EBpona, ['anumen u fner, a Takxke konbua CatypHa
A u B. Pesynbrarel (pOTOMETPHUYECKHX U TOJSIPUMETPUYECKUX HAOIIOJCHUN 3THUX
OOBEKTOB BOJM3M ONIMO3ULIMKA B BUAUMOW M OMKHEeW HH(pakpacHOW o00iacTsax
CHeKTpa CBeAeHbI BoeAUHO Ha puc. 9.9 n 9.10 [16] u BRIABAAIOT CleayrolIMe 3aMeya-

TeJIbHBIE 0COOCHHOCTH.

1. Kaxnas ¢oromerpuueckass ¢azoBas KpuBas COCTOUT M3 JMHEWHON 4YacTU U
HAJI0’KEHHOTO Ha Hee HeTMHEWHOTO MHKa, [ICHTPUPOBAHHOTO HAa HYJIEBYIO (a3y.
[lukun B OOpaTHOM pacCesHUM SBISIOTCS HCKIIOYUTENBHO Y3KUMH, XOTS HUX
JICCTBUTENIBHBIEC YIJIOBBIE IIMPHHBI BCE €IIE€ HE M3BECTHBI C BBICOKOM TOY-
HOCTBIO, IOCKOJIBKY:
® HEJIO0CTaTOYHO BHICOKOTOYHBIX JaHHBIX, oco0enno mis Mo, 'annmena u Se-
Ta;

® HauMeHBIUI (a30BBIN Yroll B PEAbHBIX aCTPOHOMUYECKUX HAOIIOICHUSIX
HHUKOT']a HE PABEH HYIIIO;

e ConHle SBIAETCS UCTOYHUKOM CBETA C HEHYJIEBBIM YTJIOBBIM Pa3MepoM IpHU
OCBEIICHUH IMOBEPXHOCTH JI000T0 Tesia COTHEYHON CUCTEMBI.

Od4eBuHO, OJTHAKO, YTO BCE MUKH OKA3BIBAIOTCS 3HAYUTENHHO YKe (GOTOMETPH-

YECKOTO OMMO3UITMOHHOTO 3(pdekTa, 00yCIOBICHHOTO MEXaHU3MOM 3aTCHCHHUS B

HU3KOATBOETHRIX 00BEKTaX, TaKuX Kak JIyHa.

2. Kaxmas dazoBas 3aBUCHMOCThH mossipu3anuu Ha puc. 9.9 u 9.10 mokaspiBaer
Y3KHH JIOKaTbHBI MUHUMYM, IIEHTPUPOBAHHBIA Ha (Da3oBOM yriie, MpUOIU3U-
TEJIbHO PAaBHOM YTJIOBOM MOJYIIMPUHE COOTBETCTBYIOLIETO NMHKA B WHTEHCHUB-
HocTU. Kakaplii MUHMMYM HaJOK€H Ha 3HAUUTENBHO OoJiee MIMPOKYIO, TOUTH
napaboJMYeCKyl0 BETBb OTPULIATENBHON MOJSpU3AlNY, TOKa3aHHYI0 CXeMaTu-

YECKU CIUIOIIHOW KPUBOM.
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44 Huza u 64 AnrenuHa u ranuieeBbix cnyTHukoB IOnurepa Mo, EBpomna u

Pe3ynbTaThl OMMO3UIIMOHHBIX HAOIIOJEHUM acTepOUI0B
I'anumen [16].

Puc. 9.9.
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Puc. 9.10. Pe3ynbTaThl ONMO3UIIMOHHBIX HAOIIOJIEHUN BEIOMOTO MOJIyIIapUs
Snera u A u B xonen Carypna [16].

VYrioBasg mupuHa OOpaTHBIX MHUKOB B MHTEHCUBHOCTH XOPOLIO COIJIACYETCS C
pe3ynbTaTaMu TEOPETHYECKHX PACUETOB MJIsl YaCTUL[ C pa3MepaMu, CPaBHUMBIMHU C
JUIMHOW BOJIHBI CBETA, MJIOTHOCTEN YMAKOBKHM B IMANIa30HE OT HECKOJBKUX MPOIEHTOB
no ~40% wu cocTraBa yacTWll, BapbUPYIOIIETO OT BoAHOro Jbaa (EBpoma, komiblia
Carypna) no cunukaroB (44 Huza u 64 Anrenuna) [142, 146, 164, 165]. AMmauTyab
MMUKOB TaK)K€ COTJIACYIOTCSI C TEOPETUUECKUMU Tpeackazanusmu [ 144, 146, 164, 165,
202, 203] mpu YCIOBUM, YTO 3HAUUTENIbHAS JIOJIS MOBEPXHOCTU ITUX OOBEKTOB
MOKPBHITA MUKPOCKOMUYECKUMHU YACTULIAMH PETOJIMTA, BhI3bIBAIOIIUMU 3PGeKT crnadoit
JIOKaIU3alUU.

dopMa y3KMX MUHUMYMOB MOJISIPU3ALIMH, HAXOJSALIUXCS B HEMOCPEACTBEHHOM
0JIM30CTH K ONMNO3UlIMHU, BecbMa HanomuHaeT 1109, 00ycioBiIeHHBII MHOTOKPATHBIM
paccesiHueM B MOJyOECKOHEUHOM CpeJie, COCTOSIIEH M3 HEMOTIOMAIOIIMX PIJIEEBCKUX
pacceuBateneit (cm. puc. 9.7). HaGmogaemble MUHUMYMBI Ha puc. 9.9 u 9.10 He
JOCTUTAIOT TEOPETUUECKON PAJIEEBCKOM TIIyOHHBI, TOKa3aHHOU Ha puc. 9.7, U MEHSIOT-
csi oT 00beKTa K 00beKkTy. OJIHAaKO 3TO W HE YJIUBUTEIBHO, MOCKOJIBKY peajbHbIC

JacTUlbl PErojinTa BpsAA JIM HACTOJIBKO MaJlbl, YTOOBI HaXOOAUTHCA B pSHeCBCKOﬁ
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o0acTy pa3MepHBIX MapaMeTpoB, W BPSI JU OJWHAKOBHI AJis1 BceX 00beKkTOB. bonee
TOTO, JA0JS MOBEPXHOCTH, MOKPHITAsi MUKPOCKOIIMYECKUMH YaCTULAMU, CKOPEE BCETO,
3HaunTeIbHO MeHbIe 100% 1 BapbUpyeT 0T 00BEKTa K O0BEKTY. ITO 0OCTOATEIHCTBO
TaK)Ke YMEHBIIIAeT HaOII0JaeMyto TIIyOUHY MOSIPU3AlMOHHBIX MUHUMYMOB U TIPUBO-
muT K paznuanto [10D pa3HbIX 00BEKTOB.

Bonee TOYHBIN KOJWYECTBEHHBIN aHAIN3 UMEIOIINXCS HAOIIOICHUI B TEPMUHAX
KOHKPETHBIX 3HAYCHHH PEaTbHBIX (PU3MUECKUX XapaKTEPUCTHUK PErOJUTHBIX MOBEPX-
HOCTEM B HACTOsIIEEe BpeMs BpsAJ JI BO3MOXKEH. DTOMY €CTh HECKOJBKO MPUYHH:
HEIOCTaTOK BBICOKOTOYHOTO HAOJIOIaTEIbHOTO MaTepHalia, OrpaHUYECHHbIE TEOPETH-
YeCKHe BO3MOKHOCTH, OCOOEHHO MPU MOAECTUPOBAHUH TIOTHOYMAKOBAHHBIX JUCTIEpC-
HBIX Cpel, M upe3BbluaiiHasi MOp(OoIOruyecKasi CI0KHOCTh U HEOJHOPOIHOCTh pealib-
HBIX PETOJIMTHBIX MOBEpXHOCTEW. [IpMHIMIINANBHO Ba)KHO, OJJHAKO, YTO PE3YJIbTaThI
HAOJIFOICHUI MOKa3bIBAIOT KaK SPKOCTHBIM, TaK U MOJISIPU3ALMOHHBIA ONIO3ULIMOHHBIN
3¢ dEeKThI Ui OJHOTO M TOTO ke 00BEKTa, MPUUEM XapaKTEPUCTHKHU ITUX 3PPEKTOB
HAaXOJATCS B pa3yMHOM KOJMYECTBEHHOM COTJIACUM C CyLIECTBYIoMIEH Teopuen. Kpome
TOT0, HUKAKOM APYrod M3BECTHBIA ONTHYECKUI «MEXAHH3M» HE B COCTOSIHUM OOBsC-
HUTH OJAHOBPEMEHHOE TOSBICHUE OOOUX OMMO3UIIMOHHBIX (P(PEKTOB C WX YHUKAIb-
HBIMA MOP(}OIOTHYECKUMHU XapakTepucTukamu. [1o3Tomy ngaHHBIE, TPUBEACHHBIE HA
puc 9.9 u 9.10, ckopee BCero MpenCTaBISAIOT KPUTHUYECKYH) MAacCy CBHUJIECTEIIBCTB B
MOJIb3Y TOTO, YTO KakuM Obl TOHKUM HH Kazaiucsa 3¢ ¢dekT ciaaboil Joxanu3anuu, OH

JICUCTBUTEILHO UMEET MECTO B ECTECTBEHHBIX YCIOBUSAX COJIHEUHON CUCTEMBI.

9.5. OcHoOBHBIE pe3yabTaThl

[Ipu oTcyTCTBUM pa3BUTON 00Iel Teopuu ci1adoil JOKalIW3aluu B IUIOCKOIA-
paJlJIeNbHBIX IUCIEPCHBIX Cpefax, 0co00€ 3HAUeHHE MPUOOPETAIOT CTPOTHE YACTHHIE
pemreHus 3amaun. OHO M3 TaKUX PELICHUI ObUIO MOJIydeHO B paboTax auccepTaHTa
[135, 141]. OHO MO3BOJIET pPAaCCUUTHIBATH BCE XapakTepucTuku s¢dexra crmaboi

JIOKAJIM3all B HAIIPAaBJICHWUHW TOYHO Ha3aJl Ha OCHOBC YHCJICHHOI'O PCIICHUSA YPaBHC-
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HUsl mepeHoca. B pesynpTaTe mosiBUIIach BO3MOXKHOCTH MHTEPIPETUPOBATH JAHHBIC
AUCTAaHLIMOHHOTO 30HAMPOBAHUS U aCTPOPU3NYECKUX HAOIIOIEHUN B paMKax peauc-
TUYHBIX MOJIENEH, 3a/laBaeMbIX B TEPMUHAX KOHKPETHBIX (PU3NYECKUX MMapaMETPOB.
OTo pemieHre OBLJIO MCHOJB30BAaHO B paborax muccepTtanta [144, 148, 202] s
JETabHOTO KOJMYECTBEHHOTO aHaIN3a 3aBUCUMOCTH MHOTHX XapaKTEepUCTUK 3dexTa
cl1aboii TOKaIMU3aluK OT ONTUYECKON TOIIKMHBI AUCTIEPCHOTO €0 U pazMepa, PopMbl
U TIOKa3aTessi IPeJIOMIICHHS PACCEUBAIOIINX YaCTHUII.

Hpyroe ctporoe 4acTHOe pelieHHe ObUIO TMOIydyeHO B pabortax [27, 222], B
KOTOPBIX paccMaTpuBaiach 3ajgada MHOTOKPATHOTO PacCesiHHs CBETa MOIyOeCKOHEeU-
HBIM CIIOEM, COCTOSIIIIMM U3 HEMOTJIOMIAIONINX PAJIeeBCKUX YacTull. Ha ocHOBe 3TOTrO
peIIeHUs] TUCCEPTAHT TEOPETUUECKHU MpeAcKa3ai MOIAPU3ALUOHHBIN OMMO3UIIMOHHBIHI
¢ deKT B BUAE YPE3BBIYANHO y3KOTO, aCHMMETPUYHOIO MUHHMYyMa TOJSpHU3AIUN Ha
¢$haz0BOM yTIie, CPaBHUMOM C YTJIOBOU MOMTYIIUPUHON KOTEPEHTHOTO MTMKA B UHTCHCHB-
HocTH [ 146]. Bonee Toro, on nokasan [ 146, 193], uto nepBoe 1abopaTopHOE HAOMIO/IE-
HUE 3TOT0 3P dekTa cnemayer npumnucats JIno [122].

Teopetnueckoe mpeackazaHue MOSIPU3ALMOHHOTO OMIO3UIMOHHOTO 3(]dexTa
CTUMYJIMPOBAJIO MPOBEACHUE MOMCKOBBIX HAONIONATENbHBIX MPOrpaMM, HampaBJIeH-
HBIX Ha WCCJIEIOBaHHE TMOBEACHUS MOJSPU3ALUU M3IIyUYCHUS PAa3HBIX acTPOHOMHYEC-
KUX OOBEKTOB HAa MaybiIX (a30oBbIX yriax. llpuMeHeHue cymiecTBYIOIIEH TEOPHH K
aHanu3y OOJIBIIOro 00beMa Pe3yJbTaTOB HAOIIOJICHHUI MO3BOJIMIIO JAUCCEPTAHTY 3aK-
JIOYUTh, YTO COBOKYIHOCTh YHHKAJIBHBIX OMIMO3ULIMUOHHBIX 3((HEKTOB B SAPKOCTH U
MOJIIPU3AH, TUIIMYHYIO IS KJIacca BBICOKOaIbOeaHbIX Oe3atmocdepubix Ten Cor-
HEYHOUH CHUCTEMBI, MOXKHO OOBACHUTH d(PPekToM crnaboi JToKanu3almuen >IeKTpoMar-

HUTHBIX BOJIH TPU PACCESTHUHM CBETa Ha MOPOIIKOOOPA3HBIX (PETONMTHBIX) MOBEPX-

HOCTSX 3TUX 00BeKTOB [142, 146, 164, 165, 201].
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I'/TABA 10

JIUCTAHIIMOHHOE 30HAUPOBAHUE ADPO30.JIEM B 3EMHOMH
ATMOC®EPE CO CIYTHUKOB

OnHUM U3 OCHOBHBIX «IOJIb30BATEIICH) TEOPUH AIEKTPOMATHUTHOI'O PACCESHUS
YaCTUIIAMH SIBJIIETCS Takasi OTpacib HAyKH, KaK JUCTAHIIMOHHOE 30HUPOBAHUE 3E€M-
HOU aTMOc(depbl ¢ OpOUTANIBHBIX CITyTHUKOB. 3HAUUTENIBHOE BIMSIHUE a3PO30JIbHBIX U
00JIaYyHBbIX YACTHUIl HA MOTOJY, KIMMAaT U CTENEHb 3arpsi3HEHUS] OKPY’KaloIIeH Ccpelibl
XOpOIIO U3BECTHO (CcM., Hanpumep, [107] u cebiiku Tam). I'moOanbHbINA XapakTep 3TOTO
ABJICHUA U TJI00AJIbHASI B3aMMO3aBUCUMOCTD MPOIIECCOB, KOHTPOIUPYIOLIUX pacipeie-
JIEHHE a’PO30JIbHBIX M 00JIAUHBIX YACTHUIl, OOBICHSIIOT HEOOXOIUMOCTh HENPEPHIBHOTO
JUCTAaHIMOHHOTO 30HAUPOBAHMS a3p030Jiel U 00JaKOB CO CIIYTHUKOB. OYEBUIHO, UTO
3Ta 3a7ja4a HE OTHOCUTCSA K KJIACCy JIETKO pa3peIirMbIX.

OcHOBHBIMU (paKkTOpamu, 3aTPyAHSIONIUMHU PEUICHUE ATOM 3a7auM, SBISIIOTCS
Ype3BbIYalHbIE CII0KHOCTh, Pa3HOOOpa3ue M MEePEMEHUYMBOCTh CUTYyallMM, Momaaaro-
IIUX B T0JI€ 3pEHUsI OpOUTATBLHOI0 HHCTpYMeHTa. Kak mpaBuiio, u3nydeHue, nomnaaaro-
niee B MPUEMHUK CBETa, PACCEUBACTCSl BEPTUKAIBHO U TOPU3OHTAIHLHO HEOTHOPOIHOM
aTMoc(epoll W TOPU30HTAIBLHO HEOJHOPOJHON MOBEPXHOCTHIO. ATMOc(hepa MOXET
COCTOSITh U3 HECKOJIBKUX CJI0€B, 00pa30BaHHBIX CMEChIO BO3/AYyXa U YACTHUII Pa3TUYHBIX
TUMOB. YacTUIlbl MOTYT OBITh KaK CepUUECKUMH KareJlbKkaMu BOJIbI, TaK U Hechepu-
YECKUMHU U MOP(OJIOTUUECKHU CIIOKHBIMU YaCTUI[AMU TBUIA, CaXKU, MOPCKOM COJTM WJIU
JIBJIa; 4aCTO BCTPEUAIOTCS M YACTUIIBI OMOJIOTMYECKOro npoucxoxaenus (puc. 10.1).
Pa3nooOpaszue THUIOB 3eMHOM MOBEPXHOCTH BOOOINE HE MOAMAETCS MPOCTON KIIACCH-
dbuKanuu, W JaXe MOBEPXHOCTh OKEaHa MOXXET CHJIBHO MEHATHCS C HU3MEHEHHEM
CKOPOCTH U HarpaBiieHUsI BeTpa. [Ipu 3ToM Bce MHOTOYHMCIICHHBIE MOJIEIbHBIE Mapa-
METpPbI, KOTOPBIE OMHUCHIBAIOT HUCKIIOYUTEIHHO CIOKHYI CHUCTEMY, COCTOSIIYIO W3
atMoc(epbl M MOBEPXHOCTU W TMOMAJAIONIYI0 B IOJE 3PEHUS WHCTPYMEHTA, JOJIKHBI

OBITH OmnpcACICHbI OJJHOBPEMCHHO IIYTEM aHalIM3a U3MCPCHHBLIX IMapaMCTpPOB (MHOFO-
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0.5 pm

Puc. 10.1. Tunsl a3po30ybHBIX U OOJAYHBIX YACTHI], XapaKTepHbIE IS
3€MHOU aTMOC(EPBHI.

KpaTHO) pPacCessHHOIO CBETA.
BrlieckazaHHoe 03HA4YaeT, YTO aJIeKBAaTHBIM MOAXOJ K MpoOieMe TUCTaHLIUOH-

HOI'0O 30HAWPOBAHUA JOJIKCH BKIIIOYATH PCIICHUC CIICAYIOINX OCHOBHBIX 3a/a4:

1) aHanu3 TOro, KakMe KOJUYECTBEHHBIE XapaKTEPUCTUKHU a’pO30JbHBIX U 001ay-
HBIX YaCTHUIl HEOOXOMMO BOCCTAHOBUTH U3 CITyTHUKOBBIX HAOIIOACHUI U KaKo-

Ba JOJI’KHaA OBITh TOYHOCTH DTOT'O BOCCTAaHOBJICHHAI,
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2) aHaAIW3 TOr0, KAKHME KOHKPETHBIE ONTUYECKUE MU3MEPEHUS] HEOOXOAMMO BBINOJ-
HUTB JUIsl pELIeHUs 3a1auH 1;

3) aHanu3 TOro, Kakas KOHCTPYKLHS HHCTPYMEHTA MO3BOJIUT PEIIUTH 334a4y 2;

4) pa3paboOTKy TEOPETUYECKUX U MOJIEIBHBIX CPEACTB, HEOOXOAUMBIX JJIs aJIeKBaT-
HOT'O pemeHus oOpaTHOM 3a/auyu M U3BJICYEHHUS HEOOXOIUMON MH(pOpMALIUU U3

KOHKPCTHBIX OINITUYCCKUX U3MCEP CHU.

Bknan nuccepranTa B peleHHME YETBEPTOM 3aiayd ObLI B JOCTAaTOYHOW Mepe
U3JI0’KEH B MPEABIAYIINX [NIaBaxX. B 3Toil rjaaBe Mbl OMUIIEM COOTBETCTBYIOIINN BKJIA]A
B pemieHue 3aaad 1-3, ciemaHHbId B paMKax ABYX KPYHHBIX HAYYHBIX NPOrpamMmm
NASA. Ilepsas u3 nux Hocut Ha3Banue Global Aerosol Climatology Project (GACP)
u Haxoautcs nox arunor World Climate Research Program (WCRP) [190, 196, 204,
209, 211]. Bropas mporpamma cBsi3aHa C pa3paOOTKOW M 3allyCKOM OpOUTaIbHOMU
muccun NASA mnon nHazBanuem Glory m Oyner BkioyaTh oOpabOTKYy AaHHBIX C
YHUKAJIBHOTO 10 CBOMM BO3MOXHOCTSIM NpuOOpa, HazbiBaemoro Aerosol Polarimetry
Sensor (APS) [197, 207].

CymiecTByIOT JBa Kjacca CIHYTHUKOBBIX MHCTPYMEHTOB JUIsl AUCTAHIIMOHHOIO
30HJIUPOBaHMS a’po3ojiei U obsakoB. IlacCuBHBIE MHCTPYMEHTHI MCIOJIB3YIOTCS NS
U3MEpPEHUS XAPAKTEPUCTUK OTPAXKEHHOTO COJHEUHOT'O M3IYUYEHUS WM HUCIYyUIEHHOTO
TEIUIOBOTO H3JIy4YeHHs. AKTHBHBIE MHCTPYMEHTHI BKJIIOYAIOT B ce€0s MCKYCCTBEHHBIC
VCTOYHUKH U3TyUYEHUs1, TAKUE KakK Ja3epbl U paarnoaHTeHHbI. [[0CKOIbKY BOZBMOXHOCTH
MIACCHBHBIX W aKTHBHBIX WHCTPYMEHTOB JOMOIHSIOT IPYT Jpyra, HE BHI3BIBAET COMHE-
HUS, YTO MHOTHE OyayIIue KOCMHYECKHe MHCCHU OyayT CoAep)KaTb HHCTPYMEHTHI
oboux tunoB. OgHaKo Mocienyriiee o0CykaeHue OyeT OTHOCUTBCS TOJIBKO K Tac-

CUBHBIM METOAWKAM JUCTAHIMOHHOI'O 30HAWPOBAHUAA.

10.1. TpeGoBaHus K M3MEPEHUAM XaPAKTEPUCTHK a3PO030JIbHBIX U 00JIAYHbIX

YaCcTHIL

PacceuBast u morsoniasi Kak COJTHEYHOE M3IIy4YeHHE, TaKk U WH(PPaAKpaCHOE U3IIY-
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YeHHUE, MCIYLIEHHOE 3€MHOM MOBEPXHOCTBIO, a3pPO30JIbHBIE YACTHUIIBI BBI3BIBAIOT TAK
Ha3bIBAEMbIH NPSIMOM paaualiMoHHbIA (P (EKT, BIuAOMMA Ha kauMar. Kpome Toro,
a’p030JIbHBIE YACTULBI MOTYT CIIYKUTh SIAPAaMH KOHICHCALMUH JIJ1s1 00JaYHBIX YACTHIL U
yacThll ocaakoB. [IoaTOMy M3MEHEHUs! B KOJUYECTBE, pACIpPEACIEHUN U MUKPO(DU3H-
YECKUX CBOMCTBAX a’pO30JbHBIX YACTHUI MOTYT MPUBOJUTH K U3MEHEHMSIM B 00Jay-
HOCTH U OCaJIKaX. JTO SBJIICHHE MOJYyYHJIO Ha3BAaHUE KOCBEHHOI'O KJIMMAaTHYE€CKOTO
addekra azpozoneit. K coxaneHuto, COBpeMEHHOE KOJIUYECTBEHHOE MOHUMAHUE TPSi-
MOTO M KOCBEHHOI'O a3p030JIbHBIX 3(PPEKTOB SBIAECTCA COBEPIICHHO HEYAOBJIETBO-
PUTENBbHBIM, B PE3yJIbTaT€ YEro CyUIECTBYIOLIAs HEONPEIEIECHHOCTh B OLEHKE 3THX
3 (HEeKTOB OKa3bIBAETCS CPABHUMOI ¢ caMoi ux BesnmunHoM [80].

C uenbro CyIIeCTBEHHOIO YMEHBUIEHUS! 3TOM HEONPENEICHHOCTH ObLI BBINOJ-
HEH TUIATEJIbHBIA aHaM3 TOr0, KAKHE CBOMCTBA a’3pPO30JIbHBIX M OOJAYHBIX YAaCTHII
HEOOXO/IMMO BOCCTAHOBUTh M3 CIYTHHUKOBBIX ONTHYECKHX H3MEPEHUH M C KaKOM
ToyHOCTHIO [197]. JleBast wacthb puc. 10.2 060011aeT HayYHbIE 3a/1a4u JIFOOOTO CUCTEM-
HOT'O T0JIX0/1a, UMEIOILETO LIETbI0 3HAYUTENIbHO YIYUYIIUTh KOJIUYECTBEHHOE MMOHUMA-
HUE KIMMaThudeckux 3 @exToB asposonei. [IpaBas yacTh TOro puCyHKa NepeUUCIsieT
MUHUMAJbHBI HA0Op XapakTEpPUCTHK a’po30yied MW O0O0JaKOB, 3HAHHUE KOTOPBIX
HEOOXOIMMO JJisl MOJYYEHHUs YJIYUIIEHHOM KOJMYECTBEHHOW OLIEHKH TJ100aibHOro
pacnpeneneHus: KIMMaTuyeckux 3¢ (HeKToB, BI3BAHHBIX HAJTMYUEM a3PO30JIEH.

Heobxoaumelii Habop a’3pO30JIbHBIX XapaKTEPUCTHK BKIIIOYAET IMOJIHYIO OMNTH-
YECKYI0 TOJIIIMHY, CPEAHUE MO BEPTUKAIM 3HaueHUs 3(PEGEeKTUBHOroO paauyca u d¢-
(GbeKTUBHOU JuCIiepcUu pacrpeseneHuss mo pasmepam (cMm. dopmynsl (4.2)—(4.5)),
JNEHUCTBUTEIBHYIO YacTh IMOKa3aTess MpesioMieHus, popMy 4YacTUll M anb0eao OJIHO-
KpaTHOro paccesHusa. Kak yxe ykaspiBaigoch (cMm. pazaen 4.2), 3¢pheKTUBHBIN paanyc
UMEET Pa3MEepHOCTb JJIMHBI U SBIISIETCSI MEPOU CPEIHEro pa3Mepa 4YacTHll, TOorJa Kak
oe3pazmepHas 3G deKTUBHAS AUCTIEPCUS XapaKTePU3yeT MIUPUHY paCIpeIeTICHUs Jyac-
TUll 10 pasmepam. [1ockonbKy a’po3osibHasi KOMIIOHEHTa aTMOC(ephbl 4acTo SIBISETCS

6I/IMO,HaJ'IBHOI\/i, TO BCC ITHU XAPAKTCPUCTUKH HCO6XOJII/IMO OIIPCACINUTD JIA Ka}I()IOP'I
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TpeboBaHUA K NAaCCUBHbIM
Hay4yHble 3agayn ANCTAHUNOHHbLIM N3MEPEHUAM

MapameTpbl asposonen
1. FnobanbHoe pacripe- * CnekTparbHas OnTU4eckas TONWMHA ~
[EeneHne CBONCTB a3p030/ib- (£0.02)
HbIX 1 06MaYHbIX YacTuL, .
* OdpekTnHbIN paguyc (+£10%)
* OddpektnsHas aucnepeust (£40%)

* CnekTparnbHbIi X0f a3p030J1bHOM

> [ns oByx
nokasatens npenomnenus (+0.02)

Moz,
2. Mpsimon acpcpext
aspo30sient Ha dHepreT- * ®opma vacTuy

yeckuin banaHc * CnekTpanbHbIn xo4 anbbeno
OfHOKpaTHoro paccesHus (£0.03)  J

MapameTpbl 06nakoB
* OnTnyeckas TonwmHa (+8%)
3. dthepekT asposorneit « AchcheKTMBHbII paguyc (+10%)
Ha obnaka u ocaakw « AchcheTuBHas aucnepcus (£50%)
* TepmognHamnyeckas hasa/popma YacTu,

Puc. 10.2. KonkperHsie TpeOOBaHMS K IMACCUBHBIM JUCTAaHIIMOHHBIM H3MeE-
PEHUSIM a’p030Jiel U 00JIAKOB BHITEKAIOT U3 OOIIMX HAYYHBIX 3a7a4.

Moabl. ITokazarens npenoMieHus: JOJKEH ObITh ONpPENENeH Ha HECKOJBbKUX JUIMHAX
BOJIH B IIUPOKOM CHEKTpadbHOM auanaszone (Hampumep, 400-2200 HM), TOCKOIBKY
3TO SIBJISIETCSI €AMHCTBEHHBIM CIOCOOOM OLIEHKM XMMHYECKOIO0 COCTaBa a’3po30Jieh U3
kocMoca. CoCTaBHOM 4YacThiO JIO0OT0 aHalM3a JAaHHBIX JIOJDKHO OBITh OOHApy)KEHHE
Hec(hepruUYecKrX a’po30ieil (TaKuX Kak MbLJIEBbIE YaCTULIBI U YACTHUIIBI MOPCKOM COJU U
CaXH), MOCKOJIbKY HEC(EepUYHOCTh MOXKET CYLIECTBEHHBIM OOpa30oM MOBJIUATH Ha
OLICHKY APYTHUX a3p030JIbHBIX XapakTepucTuk [53, 172, 182, 196].

Heobxoaumblii HaOOp XapaKTEPUCTHK OOJAKOB BKIIOYAET MOJHYIO ONTHYECKYIO
TOJIIMHY, @ TAKXKE YCPEIHEHHOE II0 BBICOTE PACHPENEIICHHE 10 pa3MepaM YacTUL U
OLIEHKY uX (hopmsl [175].

TpeOyemble TOUHOCTH B OLIEHKE Pa3IUYHBIX XapaKTEPUCTHK a’3po30Jid U 00Ja-

KOB, YKa3aHHbIE B MTpaBoil yactu puc. 10.2, TMKTYIOTCS HEOOXOAUMOCTHIO:

1) 06Hap}I)KI/ITB N KOJIMYCCTBCHHO OIMMCATb M3MCHCHHUS B a3PO30JIbHBIX KJIMMATH-
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yeckuX 3P QeKTax, CUNTAIOUINECS BEPOITHBIMHU Ha MPOTSHKEHUHU cheayronmx 20
J€T;
2) KOJIMYECTBEHHO OIPEIEINTh BKJaJ a’3pO30JIbHBIX 3(PPEKTOB B aTMOCHEpHBIN

AHEPreTUYecKuil OaaHc.

Hanpumep, no uMeromumcst OlieHKaM U3MEHECHUE a3P030JIbHOM ONTUYECKOUW TOJIIUHBI
Ha npotrspkeHun 20 netr moxker coctaButh 0.04 (cMm. pasmen 10.4), Torma kax
r100aabHOE U3MEHEHUE ONTUYECKON TONIIMHBI, HEOOXOUMOE JJ11 U3MEHEHUS TTOJIHO-
ro IOTOKA 3JEKTPOMATHMTHOH SHEpPruM y 3eMHO mosepxHoctn Ha 0.25 Br/M’,
cocraBiisier 0.01. DTH OLIEHKHM M JAMKTYIOT TpeOyeMyl0 BBICOKYIO TOYHOCTh BOCCTa-
HOBJICHUSI ONTUYECKOU TOJIIMHBI a3p030Jsi. Tpedyemble TOUYHOCTH ISl OMpEAeIeHUs
XapaKTePUCTUK paCIpe/ie]iCHUs MO pa3MepaM CIEIyIoT U3 HEOOXOJMMOCTH TOYHO
OLICHUTh KOJMYECTBO a’3pPO30JbHBIX W OOJAYHBIX YACTHUI] B €auHHUIIE 00bema (CM.
paznen 10.3) u TeM caMbIM OOHAPYX UTh U KOJIMYECTBEHHO ONMKCATh KOCBEHHBIN a3po-
30JbHBIA 3P(DEKT. J[OMONMHUTENBHBIM ONPEASHSIONUM (PAKTOPOM SBIISIETCS CHIIbHAs
3aBUCUMOCTh dP(HEKTUBHOCTH KOHAEHCAIIMM HAa a’pO30JbHBIX YAaCTUIAX OT UX pa3Me-
pa. HeoOxonumasi TOYHOCTH ONpEACICHUSI IMOKa3aTesis NPEJIOMIICHUS CIEAYET U3
TpeOOBaHUSI OIIEHUTh XUMUYECKUIM COCTaB a3pO30JbHBIX YACTHIl U, CJIEI0BATEIHHO, UX

MPOUCXO0XKJIEHHE (€CTECTBEHHOE WJIM UCKYCCTBEHHOE).

10.2. I/Iepapxm{ MACCUBHBIX HHCTPYMEHTOB IUCTAHIIMOHHOT'0 30HANPOBAHU A

XOTS HECKOJIBKO CITYTHUKOBBIX MHCTPYMEHTOB MCIOJIB30BAIUCH U MPOJOJIKAKOT
UCIIOJIb30BAThCS ISl M3Y4YEHUs TI00aTbHOTO pachpeieNieHus a’po30Jied U 00JIakoB
[107, 209], TouHOE ompenesieHHe XapaKTePUCTHK a’dpPO30JIbHBIX W 00JIAYHBIX YaCTHII
OCTaeTCsl OYeHb CJIOXKHOM TpobieMoi. Kak MBI yke yHMOMHHAIH, 3TO OOBSCHICTCS
UCKITIOUMTEILHOM CI0KHOCTBHIO M U3MEHYMBOCTHIO CUCTEMBI MIOBEPXHOCTh—aTMOC(hepa
U HEOOXOIMMOCTHIO OIMUCAHUSA ITOW CHCTEMBI MPU TMOMOIIM OOJBIIOTO KOJUYECTBA
MOJIENIbHBIX TTapaMeTPOB, KOTOPHIE OJKHBI OBITh OJTHOBPEMEHHO BOCCTAaHOBIICHBI U3

JaHHBIX H3M€p€HHI?I. Ouenp yacTo HGO6XOI[I/IMO€ KOJIMYCCTBO MOJCJIbHBIX IIapaMCTPOB
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OKa3bIBaeTCs OOJBIINM, YEM KOJIMYECTBO He3agucumbix (T. €. B3aUMOIOMOIHSIOIIUX B
CMBbICIIE HHPOPMALIMOHHOTO COJAEPKAHUS) €AMHUL] U3MEPEHHUS, 1aBAEMbIX HHCTPYMEH-
TOM JUJIsl ONPEIEIICHHOM TUIOIIAKU HAa 36MHOM MTOBEPXHOCTH, YTO NMPUBOJMT K IIJIOXOU
0OyCJIOBIEGHHOCTH OOpaTHOW 3ajauu. B Takux ciyyasx npoueaypa BOCCTAHOBIICHHS
JIaeT HE OJHO, a IWAIa30H MOJEIBHBIX PEIIEHUM, KOTOPBIE SABIISIOTCS PABHO MpPHUEMIIE-
MBIMH B TOM CMBICJIE, YTO OHM OJAMHAKOBO XOPOIIO BOCIPOU3BOIAT JaHHBIE U3MEPE-
HUH B Mpeenax d3KCIepuMeHTaIbHOM TouHOCTH [179—-181]. EquHcTBEHHBIM criocoOom
YIIyYIIUTh MOCTAHOBKY OOpaTHOM 3aJauu SIBJSIETCS YBEJIWYEHUE KOJUYECTBA €IUHUILL
U3MEPEHUs U1 KaKI0M HaOIr0JaeMoil IUIONIaJKU A0 TeX MOp, MOKa MOCIEIHEE HE
IIPEBBICUT KOJIMYECTBO BOCCTAHABIMBAEMBIX MOJIEIBHBIX IMAPAMETPOB B HECKOJIBKO
pa3. Toraa mpoiieaypa BOCCTAHOBJICHUSI MOXKET CTaTh CTAOMJILHOM U MPUBECTH K €IUH-
CTBEHHOMY pPELICHUIO, HAIIPUMEP, C UCIIOJIB30BAHUEM METOJa HAaMMEHBIIMX KBaJapa-
TOB.

B cBere BbIlIECKAa3aHHOTO, MTACCUBHBIE MHCTPYMEHTHI Ui JUCTAaHIIMOHHOTO 30H-
JTUPOBaHMs a’po30Jiell U OOJIAKOB MOYKHO KJacCU(PUUMPOBATH MO CIEAYIOMIMM MpU3-

HakaM (cM. puc. 10.3):

® u3MepsieT U UHCTPYMEHT TOJBKO YJEIbHYI0 MHTEHCHUBHOCTH I wm Bce napa-
MeTpbl CTOKCA U3ITyUYeHUs, TIOMAIAI0IIEr0 B IETEKTOP;

® TOYHOCTb U CTA0MJIBHOCTh U3MEPEHHI;

® KOJIMYECTBO CHEKTPAIBbHBIX KAHAJIOB M IMOJIHBIA CIIEKTPAJIbHBIN UaIa30H;

® KOJIMYECTBO U JIMAIIa30H YIJIOB, MOJ KOTOPBIMA HHCTPYMEHT «CMOTPUT» Ha KaX-

JYIO TUIOIIA/IKY 3€MHOU MOBEPXHOCTH.

CornacHo 3Tol KiaccuuKanvy, K HAUMEHEE «CITOCOOHBIMY IMACCHBHBIM HHCTPYMEH-
TaM oOTHocuTca Tak HasbiBaembli Advanced Very High Resolution Radiometer
(AVHRR) [190]. C apyroii CTOpOHBI, MPAKTUYECKH HJICaTbHBIM ObLT ObI HHCTPYMEHT,
MO3BOJISIONIMNA TOYHO U3MEPATH Bce ueThipe mapamerpa CTokca B OOJBIIOM KOJH-

YCCTBC CIICKTPAJIbHBIX KaHAJIOB BHYTPHU CIICKTPAJIBHOI'O AWAIIa30HA, IIPOCTUPAIOIICTOCS
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Puc. 10.3. K o00ObsicHeHUIO0 KiacCU(PHUKAMU TACCUBHBIX HMHCTPYMEHTOB
JIUCTAHIIMOHHOTO 30HMPOBAHMSI, H3MEPAIOIIMX XAPAKTEPUCTHKH TU(Py3HO
OTPaXEHHOTO CONHEYHOro cBeta. Ilapamerpel Ctokea 1, O, U u V otpa-
KEHHOT'O CBETAa MEHSIOTCSA C JUIMHOM BOJIHBI CBETa /A, M C HAlpaBICHHEM
oTpaxeHus 1.

oT OMmkHero ynbTpaduoieTa 10 KOPOTKOBOJIHOBOW HMH(]pakpacHOW 001acTH, U MpH
OOJIBIIIOM KOJIMYECTBE YIJIOB OTPAKEHUS, OXBATHIBAIOIIMX IIUPOKUN YIIIOBOM Jauarma-

30H.

10.3. TeopeTnueckuii aHAIHN3 MOJSIPUMETPHHN KAK CPEACTBA TUCTAHIMOHHOIO

30HIMPOBAHUS

YToOBl MPOWLTIOCTPUPOBATH UEPAPXUIO METOJIOB MMTACCUBHOTO JIUCTAHIIMOHHOTO
30HAUPOBAHMS, OMIMCAHHYIO B MPEABIAYIIEM pa3Jeiie, POAHAIU3UPYEM TEOPETUUECKHU
CIIOCOOHOCTh PA3TUYHBIX AJTOPUTMOB BOCCTAHOBIICHUS OMPEIEIATh HEOOXOIUMBIC
a’pO30JIbHBIC XapPAKTEPUCTUKHU, B YACTHOCTH, KOJHUYECTBO a’PO30JbHBIX YAaCTHUI[ B
BEPTUKAIBHON KOJOHKE €IUHUYHOIO MONEPEYHOIro ceueHus. JlJisi mpoCTOThl OrpaHu-
YUMCSI U3MEPEHUSIMU HaJl TOBEPXHOCTHIO OKEaHa, MOCKOJIbKY OTpaXkaTelbHas CIoco0-
HOCTh MOPCKOW IMOBEPXHOCTU OOBIYHO HM3KAsl M MOXKET OBITb CPABHUTEIHLHO TOYHO

ImapaMCcTpu30BaHa. Ham ananus 6y,Z[€T OCHOBBLIBATHCA Ha TOYHBIX paCuCTax MHOI'O-
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KpPaTHOT'O paccesHus MOJSPU30BAHHOIO CBETA Ul PEATTMCTUYHOW MOJIEIN CUCTEMBI
atMocdepa—okean [180] m OymeT BKIIOYATh WMHUTAIMIO HECKOJIBKHX THIIOB aJro-
PUTMOB BOCCTAHOBJIEHHUSI, OCHOBAaHHBIX HAa U3MEPEHUSAX YIEIbHON MHTEHCUBHOCTU 7
OTPaXEHHOI'0 M3JIyYEHHs] WIH YAEIbHOW MHTEHCHUBHOCTH M mapaMmeTpoB CTokca é U
U OTPaXEHHOI'0 CBETA B OJHOM CHEKTPAJIbHOM KaHaje, HEHTPUPOBAHHOM Ha JJIUHY
BOJIHBI 865 HM [181].

BBenem Tak Ha3biBaeMble HOpPMHUpPOBaHHbIE napameTpsl CTokca g = Q/ 7 (%) n
u=U / 7 (%), orpaHMYMMCSI MOJEIIbIO a’p030Jii B BHUJE OJHOMOJAIBHOTO TamMma
pacnpeneneHus mo pazmepam (4.1) ¢ bukcupoBannoit r¢dexTuBHON aucnepcueii 0.2 n
MPEANOIOKUM JUIsl MPOCTOTHI, YTO MIEPOXOBATOCTh MOPCKOM MOBEPXHOCTH COOTBET-
CTBYET (PMKCHUPOBAHHOM CKOpOCTH BeTpa 7 M/cek. PaccMoTpum /iBe cTpaTeruu BoccTa-
HOBJICHHSI, OCHOBaHHBbIE HAa OJHOKAHAJIBHBIX CIYyTHUKOBBIX HaOmoaeHusx. lleppas u3
Hux Oyzaer HaswiBaThcsi AVHRR-cTparerueit (m3amepenus xapaktepuctuk nuddys3Ho
OTPAXXEHHOT'O COJIHEYHOI'0 CBETA MPOBOJATCS TOJBKO JJI OJHOIO yria OTPAKEHHUS), a
BTOpas — APS-ctparerueit (n3mepennsi XxapakTepucTuK UG Y3HO OTPaKEHHOTO COJI-
HEYHOI'0 CBETA MPOBOJATCS ISl HECKOJIBKUX YIIIOB oTpaxeHus). Kocunyc yrina nane-
Hus 3auxcupoBad Ha p, =0.8. B ciyuae APS-cTparerun KOCHHYC yrila OTpaXKCHHs
w mensercs oT 0.2 go 1 ¢ marom 0.2 B miuockocTd OpOUTHI CIyTHHUKA, 33aJaHHOU
a3UMyTaJbHBIMH yTJaMy 1O OoTHoweHuto K ConHuy, paBHbIMH ¢ = 60° m —120°. B
pe3ynbTare, 9 HanpaBJICHU OTPAKEHHSI COOTBETCTBYIOT AUANAa30HY YIJIOB pacCesiHUs
ot 82° no 148°. lna AVHRR-cTparernn HanpaBieHne OTpaKeHMs JAeTCs Napamer-
pamu u = 0.6 u ¢ =—120° u coorBercTBYET yriy paccessHus 103.9° B Toit ke mioc-
KOCTH OpOUTHI.

CHHTETHYECKUE «IAHHBIC HAGIIOACHMI) BKIIIOYAIOT B CCOS BENUYUHBI | , qvu,
pacCUMTaHHbIE JUJISl «CTAaHAAPTHON» MOJENN a’p030Jisl U COOTBETCTBYIOT ONTUYECKON
tommuee T = 0.2, sddexTuBHOMYy paguycy 7, =0.3 um M MoKa3aTeo MperoMie-
Hust M = 1.45. MsI npeamnosiaraem, 4to BCE mapaMeTpbl a3po30J1sl HEU3BECTHBI, U BOC-

CTaHAaBJIMBACM HX NYTEM CPABHCHUA XapPaKTCPUCTHK OTPAKCHHOI'O M3JTYy4YCHUS,
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COOTBETCTBYIOIIMX CTAaHAAPTHOW MOJIEIH, C TAKOBBIMHU, BHIYMCICHHBIMU JJIs1 OOJBIIO-
ro Habopa MPOOHBIX MOJICIICH.

Msbl ucnonb3yeM TpU KpUTEpUs OTOOpa, KOTOpbIE NpPEIHA3HAYEHBI IS
MOJIEJIMPOBAHUS BOCCTAHOBJIEHUI, OCHOBAHHBIX HA U3MEPEHUSX TOJBKO HUHTEHCUBHOC-
™A (KpuTepuil A), TOnbKO mosisipu3auuu (Kputepuid B), a Takke MHTEHCHBHOCTH U
nosisipusanuu (kpurepuilt C). 9T KpuTepuu OTOUPAIOT T€ MPOOHBIE MOJIEIN a3PO30JIs,
Ui KOTOPBIX PACCYMTAHHbIE WHTCHCHBHOCTh W/WIM TOJSPHU3ALUS OTJINYAIOTCS OT
COOTBETCTBYIOIIMX CHHTETUYECKUX «HAOIIOJECHUI» HE OOJblle, YeM Ha BEIMYUHY
omnOok u3mepenuil. s APS-ctpaTerun pazinuyuus yCpeaHsSIOTCs MO0 JEBATH HAIpaB-
JeHUusIM OTpakeHusa. Bce mpoOHbIe MOAenH, MpoUIEeAINe Yepe3 MpoLeaypy oToopa,
ABJIAIOTCS. OJAMHAKOBO MPUEMIIEMBIMH PELIECHUSMU 337a4d BOCCTAHOBIICHHUA M HU
OJIHOM M3 HUX HE MOXET ObITh OTIaHO IPEAINOYTEHHE.

To 006CcTOATENBCTBO, YTO OMIMOKU U3MEPEHUI HUKOT/Ia HE PaBHBI HYJIO, IPUBO-
JUT K HEEJUHCTBEHHOCTH PEIIEHUsI 00paTHOM 3aa4ui. DTa HEEIMHCTBEHHOCTh XOPOILIO
poJieMOHCTpupoBaHa Ha nuarpammax (a)—(f) puc. 10.4, koTopbie OBUTH MTOCTPOEHBI
UCXOJIS U3 IPEIIOIOKEHUS, YTO CIydaliHbIe OIUMOKHA B U3MEPEHHON MHTEHCUBHOCTH U
nosisipu3anuu MoryT nocturath +4% u +£0.2% cooTBercTBeHHO. TOoUKa mepeceyeHus
OeJIbIX MYHKTUPHBIX JUHUI Ha nuarpammax (c) u (d) oTMeuaeT cTaHIapTHYIO MOJETb
a’po30Jis, T. €. MPAaBHJIBHOE PEIICHHE OOpaTHOW 3aAadd. 3eJIEHBIM LIBETOM ITOKA3aHBI
Bce npobubie komouuamuu (T, 7, m) (w1 m = 1.35, 1.45 u 1.6), yn0BIeTBOPAIONIHTE
KpUTEpUIO A, MaJUMHOBBIM I[BET MOKAa3bIBACT pE3yJIbTaT MpUMEHEHUs Kputepus B, a
NIEPECEUCHUE 3EJIEHON U MaJMHOBOM 00JIacTell — Pe3yNbTaT UCIIOIb30BAHUS KPUTEPUS
C. BunHo, uro ucnoas3oBanne AVHRR-cTpaTeruu ¢ nsmepeHneM TOJIbKO HHTEHCHB-
HOCTH (3eJieHble 00JlacTh Ha auarpammax (a), (c) u (€)) JaeT COBEPIICHHO HEYJ/IOB-
JIETBOPUTEIIbHBIE pe3yJbTaThl. OHOBPEMEHHOE HCIOJb30BAHUE JIEBSITH H3MEPEHUMN
WHTEHCUBHOCTH B pamkax APS crparterun (3enensie obmactu Ha auarpammax (b), (d) u
(f)) 3ameTHO ynydillaeT pe3yJabTaThl BOCCTAHOBIEHHUS, HO BCE €lIe HE 00ecleunBaeT

HEOOXOMMOW TOYHOCTH ONpPENETICHUS BCEX XapaKTepuCTUK a’posoiisa. [locimemnee
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Puc. 10.4. Pa3znuuHbIie THIIBI npoucayp BOCCTAHOBJIICHHUA XapaKTCPUCTUK ad3PO30JIA.
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CTAHOBHUTCSI BO3MOXKHBIM TOJIBKO C HCIIOJIb30BAHUEM HM3MEPEHUM MOJIApPU3aLUU IPH
HECKOJIBPKUX HAINPaBJICHUSIX OTpaKeHHs (MaluHOBas obiacte Ha amarpamme (d)).
OTcyTcTBUE MaIMHOBBIX oOsacTeil Ha quarpammax (b) u (f) neMoHCTpUpPYET YyBCTBH-
TEIBHOCTh ATOTO TUIIA U3MEPEHUI K MOKa3arento npesomieHus. COBMECTHOE HCHOJIb-
30BaHHE U3MEPEHHI MHTEHCHUBHOCTH M IMOJISIPU3ALUU IIPH HECKOJBKUX HAIPaBICHUSAX
oTpakeHus: (MajguHOBasi obyacTe Ha auarpamme (d)) emie OoJiee yIydIraeT TOYHOCTh
BOCCTaHOBJICHHMSI, HO HE HAMHOTI0.

KpacHo-romy6oii (oH Ha Bcex IuarpamMmax JI€MOHCTPUPYET COOTBETCTBYIOLIYIO
TOYHOCTh BOCCTAHOBJIEHUS KOJIMYECTBA a3pPO30JIbHBIX YaCTHI] B BEPTUKAIBHON KOJIOH-
K€ €JUHUYHOIO MOoNepevyHoro ceyeHusi. OTMETHM, YTO LBETOBas JUarpaMma, moKasbl-
BAalOIllass OTHOIIEHHE BOCCTAHOBJIIEHHOI'O KOJIMYECTBA YACTHUL K «pEalbHOMY», SIBIIS-
€TCsl CUJIbHO HEJIMHEHHON M 4TO Oesblii 1[BET COOTBETCTBYET OOJACTSIM, B KOTOPBIX
BOCCTAHOBJICHHOE KOJHUYECTBO YACTHUI[ OTJIMYAEeTCA OT pPEalbHOTO He Oojiee 4eMm Ha
+10%. OueBHIHO, YTO TOJIBKO HCIIOJIb30BAaHUE M3MEPEHUM MOJSpU3alUU IpPH Hec-
KOJIBbKHUX HAaIlPaBJICHUSAX OTPAaKEHUS MO3BOJIAET ONPEACIIUTh KOHIIEHTPALMIO a3P030J1b-
HBIX YaCTHI] C IOCTATOYHO BBICOKOW TOYHOCTBIO.

Takum 00Opa3om, Hall TEOPETUUYECKUN aHAIN3 yOEeIUTENbHO MOKAa3bIBAET OIpe-
AEJSIoNIee MPEUMYIIECTBO (OTOMOMSIPUMETPUU KaK CPEACTBA JUCTAHIIMOHHOTO 30H-
IUPOBAHUS, KOTOPOE OOBACHAETCS BHICOKON UyBCTBHUTEIBHOCTBIO BTOPOT'O U TPETHETO
napameTpoB CTOKca paccestHHOro CBeTa K XapakTepucTukam uactun [79, 180, 194].
XOTs Hall aHaiau3 ObLI OIPaHUYEH PACCMOTPEHUEM TOJIBKO OJHOKAHAIBHBIX aJITOPUT-
MOB BOCCTaHOBJICHUSI, pPEUIAIOIIee MPEUMYIIECTBO (HOTOMOMAPUMETPUHU Hal (HOTOMET-

pHUEl COXpaHsIEeTCs U B Cllydae MHOTOKaHAJIbHBIX alrOpUTMOB [46, 47].

10.4. BpemeHHOI1 psi I71002JIbHOTO pacnpeaeseHust a3po30J1eil, oIy YeHHbIH

B pamkax GACP

Kak yxe yxassiBaiocb, AVHRR He sABnsieTcs MHCTpyMEHTOM, NpEaHAa3HAYEH-

HBIM I TOYHBIX BOCCTAHOBJICHUMU JETAIBHBIX XAPAKTEPUCTUK a’po30iiel. JlencTBu-
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TEJIBHO, 3TOT MHCTPYMEHT MU3MEPSET TOJBKO MHTEHCUBHOCTh OTPAXEHHOI'O COIHEYHO-
ro U3JIy4YeHHs, MPUYEM TOJBKO B JIBYX OJM3KHMX KaHajlaX B BHJIUMON U ONMKHEH
uH@paxpacHoi obnactsax crnekrpa (650 u 850 HM) U TOJIBKO ISl OAHOTO HAMPABJICHUS
OTpa)keHHUs (3aBUCAIIETO OT C€30HA, OPOUTHI U reorpapuuecKux KOOPAUHAT TUIOIMIA KU
HabOmoeHus). Takoll THN M3MEpPEHH BBIHYXJAaeT MCIOJNb30BaTh MPOCTEHIINI anro-
PUTM BOCCTAaHOBJIEHHS], KOTOPBII JA€T Ha BBIXOJE OLIEHKY TOJBKO IMOJHOW ONTHYECKOU
TOJIIIIMHBI a3p030J1sl U ero cpeaHero pasmepa [190, 196]. Bece ocranbHble mapameTpbl
MOJIETIN CUMTAIOTCSA «U3BECTHBIMU» U (DUKCUPYIOTCS HA 3HAUCHUSX, 00CCIIEUNBAIOIINX
HaWIy4YlIyl0 CPEIHIO0 TOYHOCTh BOCCTAHOBJIEHHSI ONTHYECKOW TONIIMHBL. OmHAKO
peIaoNUM JIOCTOMHCTBOM 3TOTO0 Habopa JaHHBIX SBISIETCA €ro OecrpeleneHTHas
MIPOJIOJKUTENBHOCTD (¢ aBrycta 1981 r. m no Hactosiero BpemeHu). B pesyinbrare,
Habop MaHHBIX, MOdydeHHbIH B pamkax GACP [190, 196, 204, 209, 211], sBaseTcs
€IMHCTBEHHBIM HUCTOYHMKOM HH(OpPMAIMH O JOJITOCPOYHBIX U3MEHEHUSIX B TI100ab-
HOM pachpeiesieHuu TPornochepHoro aspo30isl.

Pucynok 10.5 moka3piBaeT ONTHYECKYIO TOJIIUHY a3p030JI€H, YCPEIHEHHYIO
7100 MO BCEMY 3€MHOMY IIapy, JTUOO MO CEBEPHOMY WIIH I0KHOMY MOyIIapuio. J{is
CpaBHEHUs, rofy0asi KpuBasi MOKa3bIBaeT HAOOP NAHHBIX ISl CTPATOC(PEpHOTO a’3po30-
JI51, KOTOPBI ObLI MOJYyYEH Ha OCHOBE HE3aBUCHUMBIX U3MEPEHUI ITPU IOMOLIU UHCTPY-

MEHTa, KOTOpbIi Ha3biBaeTcs Stratospheric Aerosol and Gas Experiment (SAGE). Bo

= MobGanbHoe cpegHee =

= —— HOxHoe nonywapue 3

"mobanbHoe cpeaHee (SAGE)
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Puc. 10.5. Ontrueckas tonmuHa adpo3oiient no pezyapraram GACP.
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BCEX CIIy4asix XOpOULIO BUJIHBI CJIEJICTBUSI BRIOPOCA OIPOMHBIX KOJIMYECTB BYJIKaHUYEC-
Koro matepuana B crpatocdepy 3a cuet uzBepkernit El Chichon (mapt 1982 1.) m Mt
Pinatubo (uronp 1991 1.). bonee Ttoro, pesymbratei GACP sicHO yka3wpIBalOT Ha
CYIIIECTBEHHOE YMEHBIIEHUE ONTHUYECKON TOJIUHBI TPOMOCHEPHOTO a’po30is 3a
nepuoy ¢ koHua 1980-x no nayana 2000-x rogos [211].

Pucynok 10.6 moka3siBaeT, 4To ri100ajbHbIE U3MEHEHUS B ONTUYECKON TOJIIINHE
Tpormoc(hepHOTO a’p030Ji COMPOBOKIAIKCH eIle 00Jiee CYIMEeCTBEHHBIMUA PEeTrHOHAIb-
HbIMU U3MeHeHHsIMH [204]. Kak nmokazaHo B 3ToH paboTe, pernoHaIbHbIE U3MEHEHUS
COTJIACYIOTCSI C MMEIOIIMMHUCS HE3aBUCHUMBIMHU OIICHKAMU, MOJIYYECHHBIMH Ha OCHOBE
HA3eMHBIX HAOJIOCHUIA W aHAW30B KOJWYECTBA WHIAYCTPHUATBHBIX BBEIOPOCOB a’po-
30JILHOTO MaTepuaja B aTMochepy B pa3IMYHBIX CTpaHaX. Tem He MeHee, TOYHOCTh U
netanbHOCTh Habopa gaHHbIX GACP ocTatoTcst SBHO HEIOCTATOYHBIMU JIJIsl TOTO, YTO-

ObI petnTh 3a1a4M, cHopMyTHpOBaHHBIC BO BBEJACHUHU K 3TOM rnaBe u B paznene 10.1.

10.5. /IucTaHIMOHHOE 30HAMPOBAHHE a3P030J1eil U 00J1aKOB IPH MOMOIIH

COBPEMEHHBLIX MMOJISIpUMETPOB

B otninune ot AVHRR, ¢otononspumerp APS (cMm. puc. 10.7) 6611 crienmanbHO
pa3paloTaH AJi1 TOYHOTO U JETAIBHOTO TUCTAHIIMOHHOTO 30HAMPOBAHUS a3p0O30Jei U
o0akoB u, Ojarogaps crenuaIbHOW KOHCTPYKIIMH, PACIOaracTcsi Ha CaMOM BEpPXY
MepapXuH MACCUBHBIX MHCTPYMEHTOB, copMynnpoBanHoi B pazaene 10.2. Kak yxe
yKasbIBanock, APS nomken ctath yactbio opOutanbHoi muccuu Glory u nomkeH ObITh
BbIBe/IeH Ha opOouTy B Haudane 2009 r. [207]. [Ipennonaraercs, utro APS Oyner umersb
JEBATh Y3KHUX CIIEKTPAJIBHBIX KaHAJIOB, PACHPEIEICHHBIX 110 CIIEKTPAIILHOMY JUana3o-
Hy 0T 410 10 2200 aM (cM. puc. 10.8). [leHTpanbHbIe JIUHBI BOJIH BCEX KaHAIOB ObLIN
BBIOpaHBI C LENBI0 00ECICUeHNsI MaKCUMAIbHON YyBCTBUTEIBHOCTH MPHOOpPA K ompe-
JICJICHHBIM CBOMCTBaM a3pO30JIbHBIX M 00JIayHbIX 4acTull. CKaHMpOBaHUE BJOJb
TpaeKTOpUM MojeTa No3BoysieT APS «yBUAETH» KaXAyr IUIOMAAKY mox ~250

paznmuunbiMA yriaamu (cM. puc. 10.9), uyto, cormacHo pesynabTaram pasnaena 10.3,



275

60°N |

30°N

EQ

30°S

60°S -

60°N |

30°N

EQ

30°S

60°S [

60°N
0.0625

30°N

EQ

30°S

-0.0625
60°S

i -0.125

S SO R R S S
DL 120°W 60°W CM 60°E 120°E DL

Puc. 10.6. (a) I'mobansHOe pacmpesieieHne ONTUYECKONW TOJIIMHBI a3p0o30JIs,
ycpeaHeHHoH 3a nepuo ¢ uroHa 1988 r. mo utons 1990 r. (b) To ke, yTo Ha
auarpamMme (a), Ho s nepuoaa ¢ urosst 2000 r. mo uronb 2005 1. (¢) Paznuna
MEXIy pe3ybTaTaMH, MOKa3aHHBIMH Ha nuarpammax (b) u (a).
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Puc. 10.7. Op6utanbusiii poTononsipumerp APS.

paavKaIbHO YBETWYMBAET WH(MOPMAIIMOHHOE cojaepxkaHue maMmepeHuil. APS mommken

U3MEPATHh TPHU INepBbIX mnapamerpa CTOKCa BO BCEX CIEKTPAIBbHBIX KaHAJIaX, MPUYEM

dboToMeTpuUecKass TOYHOCTh W3MEPEHUU MODKHA ObITh HE Xyxke 4%, a TOYHOCTH

M3MEpPCHUS CTETICHU TMOJsIpU3aiuu J0bkHa ObITh He xyxke 0.15% B Buaumon u

OommkHel mHppakpacHOW oOmacTax cnektpa u He Xyxke 0.2% BO BCeX OCTaIbHBIX

KaHasiax. AIropuT™Mbl 00paboTku naHHbIX ¢ APS BKITIOuaroT Bce HOBEUITHME TEOPETH-

YCCKUC pa3pa60TI<H, OIMMCAaHHBIC B IPCABIAYINNX I'JIaBaX.

Xotsa APS Bce enie HaxoAUTCS B CTaAUU U3TOTOBJICHUS, CYILIECTBYET €r0 MAaKET

CornHeyHblit noTok (BT M2mkm ™)

2000
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T
CorHeYHbIN CnekTp

Ha BepxHewn rpaHuLe atmocdepsbl .

Y 3eMHOI NOBEPXHOCTU

600

800 1000 2000
[nuHa BONHbI U3ry4yeHns (HMm)

Puc. 10.8. PacnionoxeHue neBATH CIEKTPaJbHbIX KaHATOB APS.
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Puc. 10.9. CkanupoBaHue BIOJb TPACKTOPUM MOJIE€TAa MO3BOJSET MOIY4YaTh
u3MepeHus npu ~250 yriax oTpa)keHus Ui KaXI0W TUIONIaJKU Ha 3€MHOM
MTOBEPXHOCTH.

(ma3eiBaeMbIil Research Scanning Polarimeter i RSP), koTopsiii 661 MHOTOKpPATHO
WCIIOJIb30BaH JJisi HaOmoneHuit ¢ camolieToB. [lomyueHHbIE pe3ynbTaThl JEMOHCTPH-
PYIOT yHUKaJIbHbIE BO3MOXKHOCTH MHCTpyMEHTaIbHOM KoHueniuu APS. B kaudecTtBe
npuMepa, puc. 10.10 mo3BossieT CpaBHUTH ONTHUYECKUE TONIIUHBI a3P030J1€i1, U3MEPEH-
HBbIC TIPU TIOMOIIM HA3EMHBIX COJIHEYHBIX (DOTOMETPOB M BOCCTAHOBIICHHBIE U3 IMOJIS-
PUMETPUUECKUX H3MEPEHMM, BBITIOJIHEHHBIX C CaMoJIeTOB. J[OCTUTHYTas TOYHOCTH
BOCCTAQHOBJICHHSI ONTHYECKOW TOJIIMHBI M3 IHUCTAHIIMOHHBIX HAONIOJIEHUN SIBISIETCS
oecnpenieaenTHol [209]. bonee Toro, BEICOKass TOYHOCTh BOCCTAHOBJICHHUS CIICKTPAJIb-
HOTO XO/Ia ONITUYECKON TOJIIIUHBI YKA3bIBAET TAKKE HA BHICOKYIO TOYHOCTh BOCCTAHOB-
JICHUSI TTApaMETPOB pacHpeiesICHUs] adPO30JIbHBIX YacTHI] MO0 pa3MepaM. JlanbHeime
MpUMEPHl aHaIN3a TMOJSIPUMETPUUYCCKUX JTAHHBIX, MOJYYEHHBIX npu momoiu RSP,

onucansl B [46, 47].

10.6. OcHOBHBIE pe3yJIbTATHI

[lenapto 9TO# TNaBbl OBUIO JaTh PETPOCIEKTUBHOE OOBICHEHHE MOTHBAIIMH
MHOTHX TEOPETHYECKHX pa3pabOTOK, ONMHMCAHHBIX B MPEIBIIYIIMX TJIaBax JHUCCEpTa-

IIMY, a TaKXKe MPOJEMOHCTPUPOBATH KOHKPETHOE MPUMEHEHHUE 3TUX Pa3padOTOK s
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Puc. 10.10. CpaBHEHHE ONTUYECKUX TOJIIMH a3p0O30Jieid, U3MEPEHHBIX
IIPU TIOMOIIM HA3eMHBIX COJTHEYHBIX (DOTOMETPOB U BOCCTAHOBJICHHBIC
U3 TIOJNIIPUMETPUYECKUX HW3MepeHmid. 3MepeHus Ha JuHAX BOJH
410/443, 500, 673 u 865 HM MOKa3aHbl CHHUMU, TOTYOBIMH, 3€TICHBIMH
U KpPacHbIMH CHMBOJIaMH COOTBETCTBEHHO. KpyXKH COOTBETCTBYIOT
U3MEpPCHUSM HaJ 3eMJIeH, a KBaJapaThl — U3MEPEHUSAM HaJ OKCaHOM.
OmuOKu MOKa3aHbl TOJBKO I U3MEPEHUN C COMHEYHBIMH (HOTOMET-
paMu.

pemiCcHusl HUCKIIOYUTCIIBHO BaXXHOM KJIMMATOJIOTMYECKOMN HpO6HCMBI. OCHOBHBIC

pe3yJIbTaThl ATOM IJIaBbl MOXKHO IIPOCYMMHPOBATh CIEAYIOLIMM 00pa3oM.

1. Bmnepssie copMynnpoBaHa COBOKYITHOCTb AETAIbHBIX KOJMYECTBEHHBIX TpeOOBa-
HUM K KIMMAaTUYECKON MporpaMme NacCUBHOI'O ITUCTAHLIMOHHOIO 30HAUPOBAHUSA
a’pO30JIbHBIX U 00JAUYHBIX YACTHUIL C OPOUTANBHBIX CIYTHUKOB 3emiu [197].

2. lIpoBeneH neTanbHBIA CPAaBHUTENBHBIN aHAIN3 BO3MOKHOCTEW PA3JIUYHBIX METO-
UK JTMCTAaHUMOHHOTO 30HIMPOBAHUS a’PO30JbHBIX M OOJAYHBIX YACTHII, OCHO-
BaHHBIX Ha MACCUBHBIX u3Mepenusx [197, 207, 209].

3. TlocTpoeH yHUKaNbHBIN MO JUIUTEIHLHOCTH BPEMEHHOU psifi TJI00AIBHOTO pacIipe-
neneHus asposoned B pamkax mnporpamMmbl GACP. OTKpbITO 3HAYUTENBHOE
YMEHBIIICHUE CpeHEN TJI00aTbHON ONTUYECKON TOIIIMHBI TPOMOCHPEPHBIX a’po-

3o;er 3a nocienHue 20 JIeT, KOTOpOEe COMPOBOXKIAETCS CHIBHBIMU PErHOHANb-
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HbIMM u3MeHeHusiMH [ 190, 196, 204, 209, 211].

CdopmynupoBanbsl HaydHBIE 3a7a4¥ i1 opoutanbHoro (poromomspumerpa APS,
MPEIHA3HAYEHHOTO [ BBICOKOTOYHBIX BOCCTAHOBJICHUH JE€TalbHBIX CBOWCTB
Tporoc(hepHBIX adpo30Jiel 1 00JIAKOB B paMKax KocMuueckor muccun NASA mof

HazBanuem Glory [207].
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SAKIIOYEHUE

EcrecTBeHHBIE M HCKYCCTBEHHBIE CpPEIbI, COCTOSIIME W3 JAUCKPETHBIX YacTHL,
ABJIAFOTCS PEIMETOM aKTUBHOT'O MCCIIEOBAaHUS BO MHOTMX 00JacTsAX Hayku. Pacces-
HUE D3JIEKTPOMAarHUTHOIO W3JIy4EHHs] JUCHEPCHBIMHU CpelaMH MpeacTaBisieT coOoil
dbyHnamenTanpHoe (PU3MUECKOE SBIICHHE, KOTOPOE OOBIYHO BBI3BIBAETCS €CTECTBEH-
HbIM 00pa3oM. OHO OKa3bIBAET CYIIECTBEHHOE BIIMSIHUE HA MHOTHE COIyTCTBYIOIIUE
duznyecKkue U XUMHUYECKHE MPOLECChl U Ha CaMO COCTOSIHUE CPEeIbl, U MPUBOAUT K
BO3HUKHOBEHUIO 3JIEKTPOMATHUTHOTO CUTHAJIA, U3MEPEHUE U UHTEPIPETALUS KOTOPO-
ro MOTYT JaTh MOJEe3HYI0 HH(OpPMALMI0O O cpene. DIEKTPOMArHUTHOE paccesHUe
MOXKET TaK’K€ BBI3BIBATHCS MCKYCCTBEHHO U CIIY)KUTh CPEACTBOM JabOpPaTOPHON WU
JTVCTAHIIUOHHOW JUATHOCTUKU CBOMCTB CPEBI.

B Toii Mepe, B KOTOPOM YACTULBI CPEAbl SIBJISIOTCS MAaKPOCKONMMYECKHUMU
pacceuBaTeNsIMU, K KOTOPBIM MPUJIOKKMMA KOHUENUMUS MOKa3aTelsl MpeJIoMIICHUS,
SABJICHUE DJIEKTPOMATHUTHOTO PACCESHMS ITOJTHOCTBIO ONMCBHIBAETCS MAKpPOCKOIIMYEC-
KUMU ypaBHeHHsIMU Makcpemia. OJIHaKO MPaKTHUYECKOE pelleHue ypaBHEeHH Mak-
CBEUIa B NPUMEHEHUH KO MHOI'MM €CTECTBEHHBIM M HCKYCCTBEHHBIM JUCIEPCHBIM
cpemaMm OKas3bIBaeTCsd BecbMa TPYyAHOW 3amayed. [losromy cymiecTByeT MIHMPOKO
pacnpocTpaHeHHasi TEHACHIUS n30eraTh IBHOTO MIPUBJIEUYECHHs ypaBHEHN MakcBea,
UCIONB3YSl B3aMEH OJHY W3 MNPUOIMKEHHBIX HIM (HPEHOMEHOJIOTHUYECKUX TEOpHi,
MMEIOIINX TUI0XO0 ONPEIEICHHY TOYUHOCTh U1 HEM3BECTHYIO 00JIaCTh TPUMEHUMOCTH.

HenoctaTku Takoro moaxoAa K pPEIICHUI0 MPOOJIeMbl 3JIEKTPOMAarHUTHOTO
paccessHuss oudeBHAHBI. [loaTomMy B auccepranuu ObUla NOCTABJIEHA LEIb Pa3BUTh
YHUGPHUITUPOBAHHBIA MUKPOPU3NIECKUI MOIXO0 K 3a7aue OJJTHOKPATHOTO U MHOT'OKpaT-
HOT'O PacCesiHHs CBETA, HEMOCPEACTBEHHO BBITEKAIOIINM U3 YypaBHeHUM Makcgeiua, u,
B YAaCTHOCTH, pa3paboTaTh KaK CTPOTWE, TaK U ACUMIOTOTHYECKH TOYHBIE METOJIBI
pacyera CBETOPACCEMBAIOIIMX CBOMCTB MHAMBUAYAJIBHBIX YACTULl M OOJBIIMX TPYIII

yacTtull. Bropoii nenpto nuccepraiuu, Hepa3pbIBHO CBSI3aHHOM € MEPBOM, ObLIO MpUMe-
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HUTb pa3pa0d0TaHHbIE METOJIbI K PEIICHUIO0 KOHKPETHBIX MPOOJIEM, TUKTYEMbIX IPAKTHU-
Koi. Huke MBI mepeuncianM OCHOBHBIEC Pe3yNIbTaThl AUCCEPTALIMU U 00CYIUM, B KaKOM

CTCIICHHU YAaJIOCh NOCTUYb €C I''TaBHbIX ueneﬁ.

Crporoe pemienue ypapHenuii MakcBessia. HecoMHEHHO, 4TO €ciu mpsMOe
YUCJIIEHHO-TOYHOE penieHne ypaBHeHUMM Makcsemia Ha OBM oka3bIBaeTcsi BO3MOXK-
HBIM, TO OHO SIBJISIETCSI CAMBIM IPEANOYTUTENIBHBIM CIIOCOOOM aHaau3a 3JIEeKTpoMar-
HUTHOTO paccesHus. B auccepramnuu ObUT CYIIECTBEHHO Pa3BUT TaK Ha3bIBaeMbIid 7-
MAaTpUYHBIN MOAXOJ K PEUICHUIO ypaBHEHHW MakcBemia M 3HAYUTENIBHO PACIIHPEH
JMAIIa30H €r0 NPaKTUYECKOM IMPUMEHNMOCTH. bbUIN MMOMydYeHBI CIEAYIONINE KOHKPET-

HBIE PE3YJIbTATHI:

e PazpaGotansl 3(PeKTUBHBIE CPENCTBA YIYUIICHHUS CXOAUMOCTH PACYETOB II0
METOJy PaCIIMPEHHOTO0 TPAHUYHOTO YCIOBHUSI, KOTOPHIE IPUBEIHU K PAIUKATLHOMY
YBEJIMYCHHIO JTOTYCTUMOTO IUara30Ha pa3MepPoOB U CTENEHU Hec(hepuIHOCTH Jac-
THII.

e Paszpaboran >ppekTuBHBIN (KBa3W)aHATUTHYSCKUH METOJ pacdyeTa OJHOKPATHOTO
paccesHus aHCaMOJIeM XaOTHUYECKH I aKCHaJIhbHO OPHEHTHPOBAHHBIX Hechepu-
YECKHUX YaCTHIL.

e Pazpaborana oOmass 7-mMarpuyHas OpoleAypa pacyeTa CBETOPACCEHBAIOIINX
XapaKTEPUCTUK HEeCPEPUIECKOM YaCTHUIIbI, HAXOAIICHCS B IPOU3BOJIHLHON OpHEH-
TaIlM{ TI0 OTHOMICHUIO K JTJAOOPATOPHON CHCTEME KOOPJIWHAT, MIPU MPOU3BOIHHBIX
HaIpaBJICHUSIX OOJIYYEHHS M PACCESHUS MO OTHOIIEHUIO K TOM Ke CHCTeMe
KOOpJIMHAT. DTa Iporeaypa MoxeT 3(h()EKTUBHO HCIIONB30BATHCS MPU PEIICHUN
ypaBHEHHS TIEpeHOCca U3MYyYEHUSI B aHM30TPOIHBIX CpeAax, COCTOSIIUX U3 MOJI-
HOCTBIO WJIM YaCTUYHO OPUEHTUPOBAHHBIX YACTHII.

e Paspaboran maker 3(P(EKTHUBHBIX 7-MATPUUHBIX TPOTPAMM, TO3BOJISIFOIITHI
penaTh MUAPOKUN KPYT MPAKTUYECKHX 3a/lad. JTOT IMaKeT ObUI pa3MelleH Ha

00IIeI0OCTYITHOM 3JIEKTPOHHOM cepBepe http://www.giss.nasa.gov/~crmim B 1996
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roay u € T€X 1OP aKTHUBHO HCITOJB30BAJICA MPCACTABUTCIIAMH CAMbBIX pa3H006pa3—

HBIX HAYYHBIX OUCHUIIINH.

OnHokpaTHOoe paccesiHue HecepHYeCKMMHM YacTHLAMH. 3HAaHHUE TaKUX
BEJIMYMH KaK MaTpHlla SKCTUHKIHMH, (a3oBas MaTpulla, MaTpulla pacCesHUS H
ONTUYECKUE CEUEHHUS HEOOXOAMMO Kak MJisi aHaln3a J1a00paTOPHBIX H3MEPEHHM
AIIEKTPOMAarHUTHOTO PacCesHUs OJAMHOYHOM 4YacTHLEH, TaKk W JJIs HMCIOJb30BaHUS
dbopMyn pUOTIKEHNS OJHOKPATHOTO PACCESIHUS U PEIIEeHUs ypaBHEHHUs MEpeHoca.
ITockonbKy OOJIBIIMHCTBO YACTHUI B E€CTECTBEHHBIX M HMCKYCCTBEHHBIX YCIOBUSX
ABIISIIOTCA HEC(PEPUUECKUMH, TO CTPOTHM aHaIM3 3aBUCHMOCTH 3THUX CBETOpacCEUBa-
IOLUX CBOMCTB YacTull OT UX GopMbl (MOP(HOJIOTHN) UMEET EPBOCTEIICHHOE MPaKTH-
4eCKOE 3HaYCHHUE.

D¢ dexTuBHBIE T-MaTpUUHbBIE TPOTPAMMBI, pa3pabOTaHHbIE AUCCEPTAHTOM, IMO3-
BOJIWJIA €My BIIEpBBIE IIPOBECTH CHCTEMHBIH W J€TalbHBIA aHAIU3 CBETOpAac-
CEHBAIOIINX CBONCTB MOHOAMCIIEPCHBIX U MOJUAMCIIEPCHBIX HECPEPUUECKUX UYACTHII.
B yacTHOCTH, 0OHapY’KEHO IOJIHOE MCUE3HOBEHUE CBEPXY3KUX PE30HAHCHBIX 00pa3o-
BaHUH mpu IedopMalry MOBEPXHOCTU C(HEeprUUecKON YaCTULIBI BCETO HA OJHY COTYIO
JUIMHBI BOJIHBI CBeTa. TakKe MpoJEeMOHCTPUPOBAHO ONPEIEISIIONIEE BIMSHUE IUCIIEp-
CHH pa3MEpoB M YCPETHEHHs MO OpUEHTAIUsIM Hec(hepHuecKUX YacTHI[ HAa HMHTEp-
(bepeHLIMOHHYI0O U PE30HAHCHYIO CTPYKTYPBI paccesHus. YHHUKalIbHbIE MO 00BEMY
pe3ynbTaThl 7-MaTpUYHBIX PACUETOB IO3BOJWIM KAaYECTBEHHO M KOJIMYECTBEHHO
0XapaKTepU30BaTh CUJIbHYIO 3aBUCUMOCTb ONTHYECKUX CEUYECHUU U BIIEMEHTOB MaTpH-

16l paccessHus OT GOpMbI U MOP(OTOTUN YACTHII.

AHaJIM3 KOHIENIMHA MHOTOKPATHOIO paccesiHusl. B KOHTEKCTe ypaBHEHUU
Makcpemia 00BeKT ¢ 000K MOpGhOJOTHEH pacCMaTPUBACTCS KaK €IMHBIN pacceu-
Barenb. OJIHaKO, €CIM pacCeUBAKOIIMK OOBEKT MPEACTABISIET COOOW TIpynmy W3
HECKOJIBKHUX YaCTHIl, TO OKa3bIBACTCS yIOOHBIM MCTIOIB30BaTh (hOPMAIIN3M ypaBHEHUI

®onnu—Jlakca U MpeaCcTaBUThH MOJTHOE PACCESHHOE MOJie B BHUJIE BEKTOPHOW CyIep-
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IIO3UIMU TIOJIEW, PACCESHHBIX OTIEIBHBIMU 4YacTHUAMH. POpMalbHOE pPa3JIOKEHUE
ypaBHeHuii Ponau—Jlakca B psa HelimaHa mo3BOJIIET BBECTH KOHILIENIMI) MHOTO-
KPaTHOT'O PACCESIHUS 3JIEKTPOMArHUTHBIX BOJIH. AHAU3, IPOBEACHHBIN JUCCEPTAHTOM,
ITIOKA3bIBACT, YTO KOHILEMNIMS MHOTOKPAaTHOI'O PACCESHHS HE OIMUCHIBACT PEaJbHbBIN
busnyeckuil mpouecc, a UMEeT YUCTO MaTeMaTudeckuil xapakrep. OnHaKO pa3ioxe-
Hue ypaBHeHunit @onau—Jlakca B psii O KPaTHOCTSIM paccesiHUsl OKa3biBaeTcs 3dex-
TUBHBIM AHAIUTHUYECKUM CPEACTBOM IPHU BBIBOJE YPAaBHEHHUS IEPEHOCA U TEOPUH
c1a00# JTOKaIU3alry U MO3BOJISET HArJSJHO UHTEPIPETUPOBATH PE3YIbTAThl CTPOrUX

T-MaTpUYHBIX PACYETOB ISl CIIyYaHHBIX TPYIIT YaCTHLL.

Crtporue pacyeTrbl MHOTOKPATHOIO paccesiHus. MeToabl NpsIMOTO pELICHUS
ypaBHeHHII MakcBenia Bce €lle HE€ MOTyT OBITh HUCIOJb30BaHbl JJII HEMOCpPE.-
CTBEHHOTO pacueTa paccesHus CBeTa TAaKMMU MHOTOYACTUYHBIMU OOBEKTAMH Kak
o0Jaka, perOJIMTHBIC TTOBEPXHOCTH U KOJUIOUAHBIC B3BecU. Tem He meHee, T-maTtpud-
HBI METOJ] MO3BOJISIET U3y4YaTh JIOCTATOYHO CJIOKHBIE AUCIEPCHBIE CUCTEMBI U MOJIE-
JUPOBATh TIOBEICHHUE PA3IUYHBIX S()PEKTOB MHOTOKPATHOTO PACCESHUS TO MeEpe
BO3pACTaHUsl KOJMYECTBA 4YaCTHUI[ B 00beMe ciydailHoil cpeasl. Ha ocHOBe 3TOro
MOJXO0/Ja YHUCJICHHO TMPOJIEMOHCTPUPOBAHBI 3(PGEKThl MHOTOKPATHOTO PACCESHHUS
AJIEKTPOMArHUTHBIX BOJIH MPU PACCESHUM CBETA CIIyYalHBIMU JUCIEPCHBIMU CpeaMu

U BIIEPBbIC BOCTIPOU3BEICHA COBOKYITHOCTH 3(P(HEKTOB cIab0 JTOKaIH3AIUH.

Mukpogpusnyeckue TeOPHH MEPEHOCA U3JIYYCHUS U CJIaA00H JJoKaIu3auuu. 7-
MaTPUYHBIE PACUYETHI AIEKTPOMATHUTHOTO PACCESHUSI CTAaHOBATCA HEd(()EKTUBHBIMU,
KOT/Ia KOJMYECTBO MHKPOHHBIX YaCTHI[ B OOBbEME CIydalHOW TUCIIEPCHOM CPEIIbI
MEPEXOUT 3a THICAYY. €M HE MEHee, pacueTbl NaKe JJISI MEHBIIErOo KOJIMYECTBA
YaCTUL] MPUBOAAT K MOHMMAHUIO TOTO, YTO MOXKHO OXHUJATh B MPEICIbHOM CIydae
OYEHb OOJIBIIIOrO KOJMWYECTBA U OUYECHb MaJlol 0OBEMHOM YMAaKOBKHM yacTuil. PaccMmo-
TpEHUE 3TOro mpejaeia B pamkax ypaBHeHud Donau—Jlakca NpUBOIUT K 0OIIEMY

yYpaBHEHUIO TepeHoca, mnpejackazanHomy Poszenbeprom B 1955 1. [91], m oOmei
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dbopMynupoBKe Teopuu cinaboi Jokamu3anuu. TakuM 00pa3oMm, TEOpUH MEepeHoca H
caboil JToKaIu3auu NMepexoasaT u3 o0sactu (EHOMEHOJIOTHH B Pa3psij aCUMIITOTH-
YECKUX peElIeHUWA ypaBHeHHW MakcBemna. B pesynbraTe CTaHOBUTCS BO3MOKHBIM

MPEIMETHBIN U JE€TAIbHBIN aHAIIN3:

® KOHKPETHBIX NPUONMKEHUH W TPEANOI0KCHUNM, HEOOXOMUMBIX [JIsi BBIBOJA
TEOpUl nepeHoca u ciabou JoKaIu3aluu;

® (uU3HYECKOro CMbICIa BEJIMYMH, BXOJSAIIMX B YPaBHEHHE MEPEHOCA, U UX OTHO-
HICHUS K PEAIbHO U3MEPSEMbIM BEJIMUUHAM;

® YCJIOBHWI W NHAara30oHa MPUMEHUMOCTH ypaBHEHHS MEPEHOCAa U TCOPUHU CIIaboM
JIOKaIu3aluu;

® [PAKTUYECKOTO CMBICIA YCIOBUM SProJIMYHOCTA M CTATUCTUYECKON OTHOPOI-
HOCTH PacCceuBaroIe cpeibl B KOHTEKCTE PEAIbHBIX ONTUYECKUX U3MEPEHUN;

® MecTa TeOpHUi MepeHoca M3IMyUYeHUs U CIaboi JIoKamu3amnuu B oOIel nepapXxun

MPOOJIEM IJIEKTPOMArHUTHOTO PACCESHUS.

IlepeHoc MONASIPU30BAHHOIO H3JIyYeHHS] B AHU3O0TPONHBIX ILUIOCKOMAPAaJI-
JeabHbIX cpeaax. CoBOKymHOCTH (GOpMYJ M YpaBHEHUU, U3BECTHAS TI0JI Ha3BaHUEM
«KJIACCUYECKasi TEOpHsl TEPEeHOCa», OKA3bIBACTCSI HEMPUMEHHUMOW K pPa3peKEHHBIM
JUCIIEPCHBIM CpeJlaM, COCTOSIIIMM M3 YAaCTUYHO WJIM TMOJHOCTHIO OPUEHTUPOBAHHBIX
yactull. [loaTroMy notpedoBanoch 0000IIUTE 3Ty TEOPUIO, PACCMOTPEB TPOU3BOJIBHBIN
CJIy4ail aHM30TPOIHOM IUIOCKONApaIeIbHOM AUCIIEPCHOM cpenbl. B auccepramuu 310
CIEJIAaHO MYTEM BBIBOJIA BCEX MPOM3BOAHBIX YPABHEHUN HEMOCPEJICTBEHHO U3 ypaB-
HEHUSI TIEpeHoca, T. €. HE UCIHONb3ysd Takue (HPEHOMEHOJIOTMYECKHUE IPUEMbI, Kak
MPUHLKIBI UHBAPUAHTHOCTH. TeM caMbIM ObuUla €elle pa3 MNpoAEMOHCTPUPOBaHA Mps-
Masi BEIBOJIMMOCTh BCEX PE3YJIBTaTOB (hEHOMEHOJIOTHUECKOW TEOPUH TMEepeHoca M3IIy-
YEHHUS B CIIyYaMHBIX AUCIIEPCHBIX CpeAax U3 ypaBHeHUM MakcBesa. Takxke mokasaHo,
YTO CTaHJapTHas BEKTOpPHAs TEOpHUsl MEpPeHOCa B MAaKPOCKOMUYECKH H30TPOIHBIX U

3CPKAIIBHO CHUMMCTPHUYHBIX CPCAAX ABJIICTCA YaCTHBIM CIIydacM O6IH€I>'I TCOPHUMU.
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AHaJM3 TOYHOCTH CKAJSAPHOrO NpUOJAMKeHMs. XOTs cKamsipHas (opma
YpaBHEHUS IEepeHOca HE MMeeT (PU3UYECKOTO MPOMCXOXKICHHS, OHA HCIIOIb3YEeTCS
3HAYUTEJIBHO Yallle, YeM CTPOroe BEKTOPHOE ypaBHEHUE IIEPEHOCAa B CHIIy CBOEH
npocToThl. [lo3TOMY OBLUIO Ba)KHO BBINOJHUTH JETANbHBIA KOJWYECTBEHHBIM aHAIIN3
OIIMOOK CKAISIPHOTO MPUOMMKEHUS ISl IIMPOKOr0 JHara3oHa MapamMeTpoB pacceu-
BAOIIEH AUCIEPCHOM Cpellbl. DTOT aHAJIN3 MPUBET K CIEAYIOIIMM OCHOBHBIM BBIBO-

JaM:

e [7aBHOM NPHUYMHON OIIMOOK CKAISPHOIO MPHUOJIMKEHUS SBISETCA PIJIECEBCKUI
WIM KBa3WPAJIEEBCKUI THII YTJIIOBOW 3aBUCHMOCTU OTHOILECHHS AJIEMEHTOB HOpMa-
JIM30BaHHOM MATpPHIIBI OJHOKPATHOTro paccestust —b,(0)/a,(0) ¢ CHIbHBIM MaK-
CUMYMOM B 00yacTu yria paccessust @ =90°.

e B ciyyae 4HMCTOro p3JIEEBCKOr0 PacCEsHMs] OLIMOKU CKAISPHOrO MPUOIMKEHUS
MOTYT A0CTUTaTh 12% Mpu ONTUYECKON TOJIIUHE CIIOS NOPAJIKA €IUHHULIBI.

e B cnyuyae paccesHHs TOTUAMCIEPCHBIMU C(EPUUECKUMH YacTULAMHU OIIHOKH
CKaJISIPHOTO TPHUOIIMKEHUSI OKAa3bIBAIOTCS MaKCHUMAaJbHBIMU TPH 3(PPEKTUBHBIX
pa3MepHBIX IapaMeTpax 4acTul, Onu3kux K eaunuie. C pocToM pa3Mepa 4acTuLl
OLIMOKHU OBICTPO YMEHBIIAIOTCS M CTAHOBSITCSI HECYIIECTBEHHBIMH NP 3PHEKTUB-

HBIX pa3MEpHBIX NapaMeTpax, NPEBOCXOAAIINX 3.

Cnabas JokaauM3alusi B IJIOCKONAPA/UIEJbHBIX [MCHEPCHBIX Cpeaax.
OtcyTrcTBUE PPEKTUBHBIX OOLIMX METOJOB pacyeTa XapaKTepUCTUK CcIaboM JIOKaIu-
3alMM MPUJAET 0cO00€ 3HAYEHHE CTPOTMM YacTHBIM pemeHusM 3anadu. OgHo u3
TaKUX PEIICHUH, MOJy4eHHOE IHCCEPTAaHTOM, IIOKA3bIBAET, YTO XOTA YpaBHEHUE
MepeHoca BBIBEACHO IMyTeM OTOpachiBaHUs IHUKJIMYECKUX AHarpamm, Bce HaOIroJa-
eMble XapaKTepUCTHKHU 3 dekTa craadoil JIoKaIu3ai, COOTBETCTBYIOUINE HampaBJe-
HUIO paccestHusl TOYHO Ha3al, MOTYT ObITh HAWJEHBI MyTEeM pEIICHUS YPaBHEHHS
nepeHoca. JTOT pe3yibTaT MO3BOJIWI KOJIWYECTBEHHO U3YYUTh 3aBHCHUMOCTh MHOTHX

XapaKkTepUCTUK d(PdeKTa cradoi JOKaTu3aluu 0T ONTUYECKOM TONIIUHBI JUCTIEPCHOTO
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CJI0Sl U (PU3UYECKHUX TapaMeTPOB PACCEUBAIOIINX YACTHII.

Jlpyroe ctporoe pernieHue ObLIO MOMy4YeHO B [27, 222] Ay monxyOecKOHEIHOTO
CJI0s1, COCTOSILEr0 M3 HEMOTJIOMAIINX PAJIEEeBCKUX YacTull. Ha ocHOBe 3TOro perme-
HUSL TUCCEPTAHT BIEPBBIE TEOPETHUUECKU NpeacKa3aj NOJSPU3ALMOHHBIA ONMO3ULU-
OHHBII 3(Q(deKT B BHIE HCKIIOUUTEIBHO Y3KOIO0 aCHMMETPUYHOTO MHHHMyMa B
JUHEHHON TmoyApu3anuu Ha (a3oBoM yrie, OJU3KOM K YIJIOBOM MOJYIIMPUHE
KOI€PEHTHOI'O MTMKa B ”THTEHCUBHOCTH.

CymecTBytomiasi Teopusi ObUIa HMCIOJIB30BaHA MPU aHAIKW3E OOJBIIOr0 o0bemMa
pe3yNbTaTOB HAOMIOJCHHUM AJIsl OMPEIESIICHHOTO Kilacca BBICOKOAIbOEAHBIX Oe3aTMoc-
depubix Ten COTHEUHOM cUCTEeMBbl. DTOT aHAJIN3 MO3BOJWI CAENaTh BBIBOJ, UYTO (DaKT
OJTHOBPEMEHHOM HaOII0aeMOCTH OMMO3UIIMOHHBIX 3((EKTOB B SPKOCTH U MOJSPH-
3aMM M WX CHEIUPUIECKYI0 MOPQHOJIOTHIO MOXHO OO0BSACHUTH dhdexTom crmabdoit
JIOKaNM3aluen 3JIEKTPOMarHUTHBIX BOJIH IIPH PACCESIHUM CBETA PErOJUTHBIMHU MOBEPX-

HOCTAMHU ITHUX 00OBEKTOB.

J{MCcTAaHIMOHHOE 30HAMPOBaHUEe a3po3ojieil. BaxxHou MoTuBanMen 1uis paspa-
OOTKM ONMHUCAHHBIX BBIIIE CPECTB TEOPETHUECKOTO aHaIM3a ObUIa 3a1a4a ri100aibHOro
oTpeaeneHus] MUKPO(PU3NUECKUX CBOMCTB TPOmOoc(hEepHBIX a3p030Jeil B 3eMHOM aTMOC-
depe ¢ opOUTANBHBIX CHYTHUKOB. Ha OCHOBE YIyUIIEHHBIX MOJEIBHBIX DPAaCUETOB
ObuUTH CPOPMYTUPOBAHBI JA€TaTbHBIE KOJTMYECTBEHHBIE TPEOOBAHUS K KIMMAaTUYECKON
nporpaMMe JIUCTAaHIIMOHHOTO 30HAMPOBAHHS a’pPO30JIbHBIX M OOJAYHBIX YacTHUIl H
IIPOBEJICH CPABHUTEIBHBIN aHAJIN3 BO3MOKHOCTEW PA3IUYHBIX METOJIMUK JUCTAHIIMOH-
HOT'O 30HIMPOBAHMUsI, OCHOBAaHHBIX HA NACCUBHBIX U3MEpPEHMX. B pe3ynbTare, mocras-
JIEHBI W JIeTaTbHO pa3pabOTaHbl HAYYHBIC 3aJaud IS OpOUTAIBHOTO (POTOMONS-
pumetrpa APS, nperHa3Ha4eHHOIO JIJIs1 BBICOKOTOYHOTO ONPEAEIIEHNs CBOKWCTB TPOMOC-
depHBIX a’po30Jieil U 00aKoB B pamMkax kocmudeckoir muccun Glory. Kpome Toro,
UMEIOIINECS CIyTHUKOBBIE HAOMIOACHHUA OBUIM HCIOJB30BAHbl ISl MOCTPOCHUS
CaMoro MpOAODKUTEIHLHOIO0 BPEMEHHOTO pslia TI00albHOTO pacIpeeieHus a’po30-

neit B pesynbrare, ObLIO OTKPBHITO 3HAYUTEIHLHOE YMEHBIICHHE CPEAHEN riIo0anbHOM
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ONTUYECKOM TOJIIMHBI TPOHochepHBIX a’spo3oJeil 3a nocneauue 20 neT u oOHapyxe-

HbI COIMYTCTBYIOIMINC CUJIBHBIC PETHOHAJIbHBIC H3MCHCHU .

B 3akimroueHue nuccepTalMd OTMETHM cienyromee. Kak Mbl Tenepb 3HaeM,
TEOpUU TEepPEeHOCa M3IYUYCHHS U CJIa0O0l JIOKaTU3alUuH SIBISAIOTCS aCUMITOTUYECKUMHU
pemieHusAMM ypaBHeHHM Makcsemuia. bosiee Toro, cam BBIBOJ 3THUX PEIIECHUM IOACKA-
3bIBAET IPAHULBI UX NPUMEHUMOCTH. 3HAHHE NPHUPOABI U AHanazoHa MPUMEHUMOCTH
MPUOJIMKEHHOTO PEIIECHHUs ABJIAETCS MEPBBIM IIArOM Ha IyTH K YJIYYIIEHHOMY perie-
HUIO. B 3TOM CBSI3M MOHSTHO, YTO J000E yJIy4ylIEeHUE TEOpHil MmepeHoca u ciadboi Jo-
KaJM3aluu JI0JDKHO OBITh BBIBEJICHO HEMOCPEACTBEHHO U3 ypaBHEHUI MakcBeria (Min
ypaBHeHul Pongu—Jlakca).

OT0 B OCOOEHHOCTH OTHOCHUTCS K CIy4al0 PAacCEUBAIOUIUX CPEX, COCTOSIINX U3
IUIOTHOYNAaKOBaHHbIX 4acTull. K coxxalieHnto, OBICTPO BO3PACTAIOIIASL CIOXKHOCTb
AHAIMUTHUYECKUX MPUOIMKEHUNH MOXKET MPUBECTH K TOMY, YTO HMX KOMIIBIOTEpHAs
peanm3anus okaxeTrcs He Oosiee d(DPEKTUBHON, YeM peann3alius YHCICHHO-TOYHOTO
pemenusi. [loaTomy mpencTaBiseTcs BecbMa BEPOATHBIM, YTO OyIyIIUN OIMpenessio-
M aHaJM3 ONTUYECKUX CBOMCTB IUIOTHOYNAKOBAaHHBIX TUCIEPCHBIX cpea Oyaer

OCHOBAH Ha MPSIMBIX KOMIIBIOTEPHBIX PEIICHUAX YpaBHEHUN Makcsena.
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HPUJIOKEHUE A

JAUAIBI 1 TEH3OPDBI

PesynbraTomM AENCTBHS TEH30pa BTOPOIO MOPsAJKA HA BEKTOP SABIAETCS APYrou
BEKTOp. DTy OINEpalyI0 MOXHO 3alMCaTh KAK YMHOYKEHHWE MAaTpPHIbl Pa3MEPHOCTH
3X3, NmpeACTaBISIIONIEN TEH30p, Ha KOJOHKY, COCTOSIIIYI0 M3 KOMIIOHEHT BEKTOpa,
pE3yNbTATOM YEro SIBISETCS KOJOHKA, COCTOAIIAs M3 KOMIIOHEHT JIPYroro BEKTOpa.
KoMIoHeHTbl 000MX BEKTOPOB JOKHBI OBITh ONPEJEIICHBI B OJTHOM U TOM K€ CUCTEME
KOOpJIMHAT.

B OeckoopanHaTHON 3amycH TEH30p MOXKHO MPEICTAaBUTh KaK CYMMY Tak
Ha3bIBAEMBIX JIMAJ, KaXJas W3 KOTOPBIX SBJISETCS JAMAIHBIM IPOU3BEACHUEM JIBYX
BeKTOpoB a ® b. Onepanus (a ® b) - ¢ naer Bexktop a(b-c¢), a oneparust ¢-(a®b) —
BeKTOp (¢-a)b. OTMeTHM, 4TO cymMMa JBYX AMAaa HE 00sA3aTENIbHO SABIISETCS JHAI0M.
JIro60# TeH30p BTOPOTO MOpPSIKAa MOXKHO TMPEACTaBHTh Kak CyMMy He Oosiee dem
neBsaTH auan. Hampumep, B A€KapTOBBIX KOOpAWHATaX JIOOOM TEH30p A MOxHO

pacnucarts B CJICAYIOICM BUC!

A= AX®%+ A4 X0 + 4. %02

+ A4, y®OXx+ 4, y®y + 4. y®zZ

+ A4,20x + 4,20y + 4101,

rje X, Y ¥ Z — COOTBETCTBYIOIIME €IMHUYHBIE BEKTOPBI, & KOO QUIMENTBI 4, 3amoi-
HSIOT MATPHILYy, IPEACTABIISIONIYIO TEH30pP.

Bekropnoe npoussenenue (a ® b) X c onpenensercs kak quaga a ® (bxc), a
npousBereHue ¢ X (a®b) maer (cxa)®b. CkansipHoe NpoU3BEICHHUE ABYX JHUAJ
a®b uc®d gaer quany (b -c)(a ®d).

TpancrionnpoBanue Tensopa A naer temsop A’ Takoii, uto A-a = a- A" g

mo00ro a. JIerko mpoBepUTh, YTO TPAHCIIOHUPOBAHUE TEH30pa SKBUBAJIEHTHO TPaHC-
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MOHMPOBAHUIO MpeJCTaBIsAIomEel ero Marpuisl. OueBuaHO, uto (A')' = Ama- A =

-

*
.

A" -a. Tensop A cummerpudeH, eciu A' = A, u spmutos, eciu A' = A" Jlerko

II0Ka3aThb, 4TO

(a-A)-b=a-(4-b)=a-A-b,
(a-A)-B=a-(4-By=a-A4-B,
A-(B-a)=(A-B)-a=A-B-a,

(A-B)-C=A4-(B-C)=A4-B-C,

a-A-b=b-A"-a,

(A4-B)" = B"- 4",

(A-2)®(B-b) = A-(a®b)-B".

EnuHrYHBIN TEH30p BTOPOro nopsaka / Onpenensercs COOTHOLIEHUEM [ -a =

e - o

a-I = a msmo6oro a. B pesynbTare, [ ‘A= A-1 = A nns no6oro A. OueBuzHo,

yTO
[=i®@k+J®F + 2037
B I[eKapTOBBIX KOOpI[HHaTaX n

[=Ff®F +0®0 + ¢ ®¢

B IIOJIIPHBIX KOOPpJAHWHATAX, I'IC f, 0 u (,[\) — COOTBCTCTBYIOIINEC CANHUYIHBIC BCKTOPLI.
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baaropapuoctu

A 6marogapen O.U. byraenko u D.I'. SIHOBUITKOMY 3a MX HEU3MEHHYIO JIOOPO-
Ty, a TaKXK€ 32 yJAMBUTEIBHYIO YYTKOCTh K 3allpocaM M HYXJaM HA4YMHAIOLIEro yde-
Horo. O.U. byraeuko, @.®. Kamenen, T.I'. Koctiok, A.B. Mopoxenko, A.C. Suxus,
B.E. Carlson, J.W. Hovenier, A.A. Lacis u C.V.M. Van der Mee oka3anu HEOIICHUMYO
MOMOIIIb U MOJJICPKKY TOT/Ia, KOT/1a sl B HUX Oosbiie Bcero Hyxaaics. B.K. Pozenoymn
OblJ1Ta HEU3MEHHBIM U HE3aMEHHUMBIM UCTOYHHKOM ONTHUMHU3Ma, COBETOB, MOJJICPKKHA U
MTOMOIIY TTPU OPOPMIICHUH ITOU TUCCEPTALINH.

MHe npusTHO BBIPA3UTh OOJIBIIYIO MPU3HATEIBHOCTh 32 MHOT'OJIETHEE COTPY/I-
HAYECTBO U TEIUIBIC JIMYHBIC OTHOIISHUSI MHOTHUM APY3bsM U KOJUIETaM 10 00€ CTOpO-
Hbl ATnantudeckoro okeana: O.M. byraenko, T. Buiiky, B.C. lertsapery, K.M.
Hnyrau, O.B. y6osuky, B.B. UBanory, H.H. Kucenesy, JI.O. Konokonooii, A.I'. u
B. Komoxam, T.I'. Koctioky, A.B. Mopoxenko, B.K. Pozerbym, M.I'. Coconkuny,
H.H. ®omuny, B.I1. Tumkoriy u 2.I". fInoBunkomy, a Taxxke/as well as to B.E. Carl-
son, H. Domke, J.E. Hansen, J.W. Hovenier, A.A. Lacis, D.W. Mackowski, L.D.
Travis, C.V.M. Van der Mee, u G. Videen.

[ToceTB Ha CBOEM BEKYy MHOKECTBO HAyYHBIX OpTaHU3ANMM, 5 YOSHTHIICS, UTO
CYIIECTBYET MHOT'O JUPEKTOPOB, HO HEMHOI'O HACTOAIIMX AUPEKTOPOB. MHE UCKITIOUH-
TEJIBLHO MOBE3JIO0 paboTaTh MO HAYaJIOM TOJILKO HacTosmux aupekTopoBs: S.C. SAukuBa
u JIx. O. XaHceHa.

Sl Taxke OnarojgapeH CIEAYIOIIMM KOJUIETaM 3a MHOTOYMCIICHHBIE IOJIE3HbIC
muckyccuu: FO.H. bapaGanenkoBy, A.I'. bopoomy, H.H. Bomwmnnuxory, W.B.
I'eormxkaeBy, O.I1. 3ere, A.A. Koxanosckomy, I1.B. JIutBunoBy, B.A. Jloiiko, JI.W.
Harupuepy, H.I'. Xne6uoy u O.I'. lllkyparoBy, a Taxxe/as well as to B. Cairns, J.
Chowdhary, M. Kahnert, K.-N. Liou, L. Liu, A. Macke, H.B. Maring, M.P. Mengiic,
K. Muinonen, W.B. Rossow, B.A. van Tiggelen, u P. Yang.

Ho campbie Teruible cioBa 0J1IaroJJapHOCTH W TIPU3HATEIILHOCTH 51 MPUHOIIY MOEH
cembe: xeHe Hazne u nersim Annpero, Hatamie u Ceprero. be3 nx noHuManus, momMoiy u

MOJIEPKKH 3Ta IMccepTalys He Obuia Obl HalMCcaHa.
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